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SinceTN 3208waspublished,additionalworkby ProfessorMickley
withthesameequipmentasusedforthetestsreportedthereinestablished
thatsignificanterrorswerepresentintheexperimentalworkasreported.

Forthistestprogrem,a wovenfiberglas-nichromewireheatercloth
wasattacheddirectlytothebacksideoftheporoustestwallinorder
to insureexactandknowntemperatureprofilesfortheinjectedair. As
bestas canbe determined,thisheatinglayerbecameseparatedfromthe
gmrouswallwhilethetunnelwasbeingmoved.Thedataobtainedduring
thisperiodwerenotincompleteagreementwiththedataobtainedby
otherinvestigatorshowever,thesedatawereconsistent,andsinceall
logicalsourcesoferrorhadbeencheckedtherewasno reasonto suspect

Q erroneoustestresults.Thetroublewasfinallylocatedfollowingunsuc-
cessfuleffortsto obtainpropermassbalancesinthemainstreamwhen
heliumwasinjectedthroughtheporouswall. C~efulchecksoftheflow

. intheboundsrylayerthenindicatedthattheflowvelocitywasnot
approachingzeroatthewallbutratherat somepointsome0.07inchbehind
thesurfaceoftheporouswall. AlthoughthewallwasonlyO.0~inch
thickandtheairspacebetweentheheaterclothandthewallwasnot
over0.03inch,itisappsrentthattherewassufficientlongitudinalflolr
behindtheporouswallto invalidatealltestresultsobtainedbetweenthe
timethetunnelwasmovedsndthetimethegapwasdiscovered.Afterthis
troublewasdiscovered,theheaterclothwasremovedandtheaircavity
behindtheporouswallwasfilledwithveryfineglassbeads.Thiselimi-
natedalltroubleandtheboundarylayerbehavedproperlywithno indica-
tionofflowwithinorbehindthewall.

It appearsthatthelocalfrictioncoefficientsreportedinTN 3208
were15to 30percenthigherthancorrectvaluesandthat,ingeneral,the
experimentaldatapresentedh thisreportshouldnotbe used. Thereis
noreason,however)to doubtthevalidityofthetheoreticalanalysis
includedinthisreport.

Thecorrectewerimentaldatawillbe reportedina laterpaper.

NACA -Lan@eyField,V8.
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HE.m,MA%, ANDMOMENTUMTRANsFm

A FLATPLATEWITHBLOW)llGOR

By H. S.Mickley,
and

R. C.ROSS)A.
W.E. Stewart

FORFUN?OVER

SUCTION

L.Squyers,

Theeffectontheboundarylsyerof suckingorblowingsirthrough
a porousflatplateintooroutof a mainairstreamflowingparallel
to theplatewasstudiedtheoreticallyandexperimentally.

Iaminar-boundary-layertheorywasusedto calculatevelocity,
temperature,andconcentrationprofil’esandfriction,heat,endmass
transfercoefficientsas a functionofthePrandtlorSchmidtmodulus

● andthemasstransferrateforthecaseof laminar,zeroEulernumber
flowwitha masstransferratev~ing as 1/6, where x istheaxial
distancefromtheleadingedgeoftheplate.Forturbulentflowfilm
theorywasexpandedtoprovidea predictionoftheeffectofmass
transferonthefriction,heat,endmasstransfercoefficients.

Experimentalmeasurementsofvelocityandtemperatureprofiles
andof frictionandheattrsmsfercoefficientswerecarriedoutover
a rangeofflowconditions.Main-stresmvelocitywasvariedbetween
5 snd60 fps,a lengthReynoldsnumiberrangeof 6,500to3,300,000was
covered,andthemaEstransfervelocityrangedfrom-0.3 to 0.26fps
sndincludedconstantsxialm~s transfervelocityand l/fi and
l/xO-2distributions.Onetestwasmadewitha positiveNer nuniber;
allotherresultsapplyto zeroEulernumberflow.

13VI’RODUCTION

TheMassachusettsInstituteofTechnolo~hascompletedonephase
of a theoreticalandexperimentalstudyoftheeffectof thebulk
exchangeofmaterialbetweena fluidstreamanditsboundariesonthe
fluidboundarylayer.Thisreportcoverstheworkcarriedoutunder
thesponsorshipad withthefinancialassistanceoftheNational
AdvisoryCommitteeforAeronauticsanda coordinatedparallelprogram
supportedby industrialfellowships.

.
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Whenmasscrossesa boundsz’y
themainmotionof”thefluid,the
trsusferaffectthepropertiesof
Isyerthichessandstabilityand
centrationprofilesarealtered..

layerina directionperpendicularto
_it@e =d directionofthemass
theboundarylayer.Theboundary.
thevelocity,temperature,andcon-
Atthessmetime,theheat,mass,

andmomentumtransfercoefficientsarechanged.Ingeneral,mass
transferfromthefluidtothewall(“suction”)Increasesthemagnitude
ofthetransfercoefficients,whilemasstransferfromthewalltothe
fluid(“blowing”)decreasesthemagnitudeofthetransfercoefficients.
Theexploitationoftheseeffectshasimportantapplicationstothe
coolingof gas-turbineblades,thedevelopmentofhigh-liftairfoils,
theimprovementof certainatomic-energyprocesses,smdintheindus-
tr@Uy importanttechniquesofdrying,dmorption,exlmactionjdis-
tillation,andadsorption.

Theeffectsofmasstransferonthevarioustransfercoefficients
havebeenpredictedby manyinvestigators.Stefan(ref.1) Lewisand
Chang(ref.2),Sherwood(ref.3), ColburnandDrew(ref.k~, andothers
haveintegratedtheStefan-Msxwelldiffusionequationsforvariouscases
of-s transferthrou@a one-dimensionalfilmof fluid,obtaining
resultswhichindicatethatthemasstransfercoefficientasordinari~
definedisa functionoftherateofmasstransfer.Ackermamn(ref.5),
ColburnandDrew(ref.4),andFriedman(ref.‘6)havepresentedone-
dimnsionaltreatmentsofheattransferinthepresenceofmasstransfer
andpredictedanalogousrelationsfortheheattransfercoefficientas
a functionof therateofmasstransfer.

Variousresultsofmasstrsnsferhavebeeninvestigatedtheoreti-
callyforthecaseof laminarflowoverflatplatesandairfoils,using
aerodynamicboundsry-lsyertheory.Theeffectofmasstransferon
fluidflowhasbeentreatedby Prandtl(ref.7),GriffithandMeredith
(unpublishednote”seeref.8),Damkohler(ref.9),Schlichtingand

[
~Bussmannref.10 , Schlichting(refs.U.and12),Schuh(ref.13),

Thwaitesref.14),Yusn(ref.15),EckertsmdILeblein(ref.16),
Ulrich(ief.17),Lew(ref.18) Ringleb(ref.19),Iglisch(ref.20),– -

~andBrownandtinoughe(ref.21 . Theeffectonheattransferhasbeen
studiedby Yuan(ref.15),Lew(ref.18),andBrownendDonoughe
(ref.21). Theeffectondiffusionhasbeenstudiedby Ecketiand
Lieblein(ref.16)andSchuh(ref.13).

l?xperimentalmesmxemntsoftheeffectofmasstransferonlaminar
flat-platevelocityprofileshavebeenreportedbyIibby,Kaufman,and
Earrin@on(ref.22) andmeasurementsofthecoolingobtainedbythe
injectionof a fluidthroughtheporouswallofa roundtubeandinto
a hotgasstreamhavebeenmadeby DuwezandWheeler(ref.23).

ThepublicationsofColburnandDrew(ref.4),Blasius(ref.24),
Pohlllausen(ref.~), SchlichtingandBussmann(ref.10),IgEsh

.
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(ref.20),BrownandIkmmghe(ref.21),and12ibby,I&ufWm,and
Barrington(ref.22)areparticularlypertinenttothepresentstudy.
Thetreatmentof filmtheorygivenhereis anextensionofthedevelop-
mentofColburnendDrew(ref.4). TheworkofBlasius,Pohlhausenj
andSchl.ichtingandBussmannformsthebssisfortheboundary-lsyer
treatmentpresentedinthisreport.Subsequenttothecompletionof
thetheoreticalcalculationsreportedhere,BrownendDonou@e(ref.21.)
haveptil.ishedtablesgivingtheeffectof a suctionorblowingvelocity

.
whichvariesas X=+ on thevelocityandtemperatureprofilesofthe
LuninarboundaryMyer. Theirwork”includestheeffectof a pressure
gradientandvariationinthefluidpropertiesdueto temperature
grsdientswhenthefluidis air.

Iglisch(ref.20)hascalculatedthelaminarvelocityprofiles
andfrictionfactorswhichresultfromtheapplicationof a unifomn
suctimnvelocitynormalto a flatplate.His resultshavebeencom-
paredwiththeexperimentalmeasurementsofthisinvestigation.

LLbby,Kaufman,andHsrrington(ref.22)havecarriedoutanexperi-
mentalstudyof theisothermalleminsrvelocityboundarylsyeron a
porousflatplatewithuniformsuctionorblowing.Theymeasuredlsmi-
narvelocityprofilesauddeterminedthetransitionReynoldsnunibers
‘forvariousratesof suctionandblowing.Theycomparedtheirmessured
laminarvelocityprofileswiththosepredictedbyYuan (ref.15) and
foundgoodagreement.TheRemoldstier atwhichtransitiontotur-
bulentflowbeganwasfoundtobe a pronouncedfumctionofthei~ection
rate. At ablowlngrateof vo/ul= 0.008,transitionoccurredat
Rx = ~0,000.ThetransitionReynoldstier gradualJyincreasedasthe
blowingratedecreased,reachinga valueof Rx= 70,0CKlat
vo/ul= 0.001,andthenrosesharply,passingthroughRx = 150,000at
vo/ul= O smdgoingto Rx - 300,000atve@ lowsuctionrates.The
valuesoftransitionReynoldsnumbersaretheonlymeasurementsreported
by Ubby, Kaufman,andBarrington(ref.22)intheturbulentregion.

Inthisworktwotheoreticalapproacheshavebeenused. Thefirst,
designated“filmtheory,predictstrsnsfercoefficientsundermass
transferconditionsfromlmown(byexperlmntalobservationor theory)
coefficientsintheabsenceofmasstransfer.Thismethodis of general
applicationbutrestson crudephysicalassun@ionsandistobe con-
sideredprimarilyas a qualitativeguideincorrelatingdataandin
treatingca:esnotamenabletomor:exactanalysis.Thesecondapproach,
designatedboundary-layertheory,consistsofexactnumericalsolution
ofPrandtl’sequationsforthelaminarboundarylayerwithuniformfluid
propertiesundercertainrestrictedconditionsofmasstransfer,to
yieldnotonlytransfercoefficientsbutalsovelocity,temperature,
andconcentrationprofilesintheboundarylsyerfora rsngeofPrandtl
orSchmidtnunibers.
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Theexperimentalprogrsmwasdesignedtotestthetheoryandto
investigatecaseswheretheoreticalanalysisisnotpossible.A wind
tunnelwasconstructedto simulatetheboundaryconditionsofthe
theoreticalanalysisbutwithsufficientflexibilityto investigatea
rsmgeof conditionsnotconsideredinthetheory.

Thephysicalmodelusedinboththeo~ andexperimentisa flat
plateimmersedin aninfinitefluid.

Thisworkwasa cooperativeeffortoftheDepartmentofChemical
EngineeringandtheGasTurbineLaboratoryatM.I.T.Thecounseland
cooperationofthestaffofboththeChemicalEngineeringDepartment
sndtheGasTurbineLaboratoryweremosthelpful.Approximatelyone-
halfthefundsexpendedweresuppliedby theNationalAdvisoryCommittee
,forAeronautics.Theremainderofthefinancialsupportwasinthe
formofgrsduatefellowshipsgiventothejuniorauthorsandprovided
by theWilliamS.~udsenMemorialFund,StandardOilCo.ofIhdisma,
Proctor&GsmbleCo.,HunibleOil&RefiningCo.,E. I.DuPontde
Nemours&Co.,Tnc.,AmericanCyan-d Co.,sadArthurD. Idttle,fit.

TheassistanceofMessrs.JohnFeyk,RobertMclktrie,John
Forgrieve,DavidD@@, DatidHacker,andSvenHultinwasmosthelpful.

Theunitsreportedare
workanddonotnecessarily

C.f

theequations.

A

c

SYMBOIS

thosedirectlymeasuredintheexperimental
giveconsistentresultsifuseddirectlyin

sreaof a paneloftestwallsurface,sq

dimensionlessmasstransferpsmmeterin
-&.

r
Ulxp

lsyertheory,— —
U1 v

ft

laminar-boundsry-

frictioncoefficient,.=2
p~ul

specificheatatconstantpressure,Btu/(lb)(%)

diffusivityof speciesi throughmixture,sqft/sec
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Eu

f

f’,f’’,f’”

g

H

h

Ki

Ni

P

Pr

q

R

Rx

T

dp
‘x EEulernuaiber,—
Plulz

dimensionlessstresmfunction,

derivativesof f withrespect

‘+rWE
P

to q

localaccelerationdueto gravity,ft/sec2

heightabovea datumplane,ft

(ddo
localheattrsmsfercoefficient,

To - T1’
Btu/(hr)(sqft)(OF)

masstrsmsfercoefficient,moles/(hr)(sqft)(unitmole
fractionchange)

thermalconductivity,

dimensionlessnumber

molecularweight

Btu/(hr)(f.t)(Ol?)

dimensionlessy-coordinatedefinedby

totalmasstransferintensity,sumned
species,moles/(hr)(sqft)

eq~tions(17)

overallmolecular.

masstransferintensityforspeciesi, fromwallinto
fluid,moles/(hr)(sqft)

staticpressure,in.Hg

Prandtlmniber

rateofheatflow,Btu/hr

resistancefactor

Reynoldsnumber,

temperature,%

definedbyequation(28)sndfigure2

u#v fortestsurface
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u

U1

v

w

xi

x

Y

z

r

localvelocityp~aldeltoplate,fps

main-streamvelocityparallel.toplate,fps

localvelocitynormaltoplate,fps

airflowratethrougha test-wallpanel,lb/hr

molefractionof speciesi

distancedownstreamfromleadingedgeofplatemeasured
paralleltoplate,in.

normaldistancefromplate,in.

dimensionlessphysicalpropertygroup;
transfer,~w/k forheattransfer,
formasstransfer

1 formomentum
and I.L/PD~

coordinatenormaltox- andy-coordinates,in.

-T
ge~rdd.zedprofilefactor;9F= u/ul, ~H ‘*T

o
Xio- xiand ~D =
Xio- x~~

dimensionlessmeasureofmasstransferrate,definedby
equations(16);relatedto @ by equations(23b)

“filmthickness”fora giventransferprocess,in.

disphcemmtthiclmessofboundaryleyer,in.

dimensionlesscoordinatein laminar-boundary-lsyertheory,
gfi

correctionfactorfortransfercoefficients

momentumthiclmessofboundarylayer,in.

momentumthictiesscorrectedformassblownorsucked -
throughwall,in.

.

.

.

.
absoluteviscosity,lb/(sec)(ft)
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. E

E’

P

To

6

+
Subscripts:

B

D

E

F

H

i

L

m

o

T

1

*

.

.

7

kinematicviscosity,y/p,sqft/sec

enthalpythicknessofboundarylayer,in.

enthalpythiclmesscorrectedformassblownor sucked
throughwall,in.

fluiddensity,~/cu ft

shearstressatwall,poundaU/sqft

dimensionlessmasstranferrate,definedbyequations(23b)
andinfigures1 and2

streamfunction,d~ =udy - v &x

conditionsat a bafflebehindtestwall

processofdiffusion

electrical

frictionormommtumtransfer

heattrsmfer

speciesi in

laminar

a diffusingsystem

allspeciesexcludingi in a diffusingsystem

wallconditions

turbulent

main-streamconditions

conditionsin absenceofmasstransfer

THEORETICALSTUDIES

Thisinvestigationhasusedtwotypesoftheoreticalanalysesto
predicttheeffectofmasstransferonthepropertiesoftheboundary
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layer:Thegeneralized,approximatemethodknownasfilmtheoryand
themoreexactproceduresof laminsr-boundary-lsyertheory.Thebasis
of themethods,thesolutionsobtained,andthemannerof combiningand
editingresultsarediscussedinthefollowingsections.

.

h

Theboundary-layer-theorysolutionsapplytothecaseof lminar
flowovera planesurface;thefilm-theorysolutionsapplyto a surface
ofunspecifiedshape,exceptthattheradiiof curvatureofthesurface
mustgreatlyexceedthefilmthickness.Inbothcasesthefollowing
equationsfortransfercoefficientsareapplicableata pointonthe
boundaryif y istakentobe theperpendi.cul~distancefromthe
boundaryand x ismeasuredinthedownstreamdirectionparallelto
theboundary.Thefluidvelocitycomponentsinthex- andy-directions
are u and v, respectively,thefluidtemperatureis T, andthemole
fractionof chemicalspeciesi is Xi. Thelocalfrictioncoefficient,
including

Thelocal
thefluid

—
skinfrictiononly,is

2T0
cf=—

P1U12

()~?$
Cf 0—=
2 P1U12

(1)

(la)

.

.

—

f

heattransfercoefficient,includingonlyheattransferredto
atthewallby conduction,is

(d@A)o
h=

To - T1

&ob.
h=-

To - T1

(2)

(2a)

Themasstransfercoefficientfora givenchemicalspeciesisdefined
intermsoftherateofdiffusionofthatspeciesatthewall:

.

(3)
.
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Ki=- M&o
Xio- Xil

(3a)

wherethesubscriptso snd 1 refertowallconditionsandmain-
streamconditions,respectively.ItwiU be notedthatth~valuesof.
thedrivingforcesUl, To - Tl, and Xi. . Xil me the IWXiu,”

or over-all,drivingforcesforthesingle-fluidphaseunderconsidera-
tion,notthe“bulk”drivingforcescomnodyusedforflowin closed
charnels;allowanceforthisdifferenceisnecessarywhenapplyingmass
transfercorrectionsto coefficientsbasedonIxClkdrivingforces.

Thediffusivity~m forcomponenti in a multicomponentmixtme
j.sdefinedfordiffusioninthey-directionby theequation

Equationsforcalculating~ forgasmixturesexegivenby Wilke.
(ref.26)andby oneofthepresentauthors;theequations

D~ = Du (exactforbinsrymixtures)

,

(exactwhen
excepti

and

.

.

allcomponents
moveinunison)

.

(4)

(4a)

(hb)

(4C)

.
whichisexactforternarymixtureslarerecormnended.Equa.tfonsfor
Da and ~m followfromeqyation(&c)by rotationof subscripts.
Theseequationsgivethevalueof ‘im at a point;satisfactorymean
valuesforone-dimensionaldiffusionareobtainedby usingaversge

unpublishedanalysisby W.E. Stewart.
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molefractions>andusingtheratiosofmole-fractiondrivingforces
~ - Xl ,“inplaceoftheratiosofthecorrespondingmole-fraction
gradients.Theterm“exact”herereferstoresultsobtaineddirectly

..

fromtheStefan-l&xweUdiffusionequations,whichareverynearly
exactforidealgases,asshownby therecentworkofCurtissand
Hirschfelder(ref.27). TheStefsm-llaxwelltreatmentresumesa pre-
ponderanceofbimolecularcollisions;indensegasesandliquidscolli-
sionsof-moreth~ twomoleculesbecomeimportantad thevalidityof
equations(4b)and(4c)isindoubt.

Pendingfurtherinvestigation,itwillbe assumedthattheeffect
ofdiffusionontheviscosityw andthermalconductivityk is

.-

negligible.Mamentumandener~transpoti..areindeedaffectedlydif-
fusion,butitisbelievedthatthiseffectisadequatelytreatedby
addingtheconvectivetransportratesbasedonthemeanvelocityof
eachspeciespresent,asisdoneapproximatelyinthepresenttreatment.
Equationsforestimationofmixtureviscositiesintheabsenceofdif-
fusionaregivenby BromleyandWilke(ref.28];equationsformixture
thermalconductivitiesaregivenby LindsayandBromley(ref.~).

Forbrevity,itisusefultorepresenttheprofilesofvelocity,
temperature,andmolefractionindimensionlessform.Thedimensionless
quantities

j3F=u/u~

reduceequations(la),(2a),and(3a)totheanalogousforms

()Ulplcf. b%

w To

h
()
%H-=—

k +0
1

(5)

.

(6)
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Thepurposeofthefollowingtheoreticaldevelopmentsistoevaluate
thederivativesappearinginequations(6)and,hence,to determinethe
transfercoefficients.

FilmTheory

Fihutheorygreatlysimplifiestheanalyticaltreatmentofa flow
transportproblembymeansof anidealizationwhichstatesthatthe
transitionbetweenmain-streamandwallconditionsoccursentirelywithin
a thinlsminarfilmofthiclmessA ~!lyingimmediatelysdjacentto the
wall. The“effectivefilmthichess A isnotpredictedby thetheory;
rather,it isdefinedasthethiclmessof a laminarfilmoffluidwhich
wouldoffertheexperimentallyobsenedresistancetothetransferpro-
cess.Thefilmdoesnotcorrespondtotheboundsry-lsyerconceptof
Prsadtl;itisa muchlessrealisticidealization.

Theresultsof filmtheory,basedon a crudephysicalpicture,can
be acceptedonlyqua~tatively.However,certainusefulpsrsmtershave
beensuggestedby thetheory,andtheanalysiscanbe appliedto cases
toocomplexfora morerefinedtreatment.

Considera fluidinsteadylaminsrmqtion,orstatisticallysteady
turbulentmotionovera surfaceofmoderatecurvaturealongwhichthe
fluiddoesnotslipandthetemperatureandfluidcompositionare
reasonablyconstant.Znconformitywiththeconventionpreviouslygiven,
takethey-axisperpendicularto thewallatthegivenpointandthe
x-axisparallelto thesurfaceandpointingdownstream.At a differ-
entialdistancefromtheboundary,thestateofthestagnsmtfluidfilm
isgovernedby thefollowingequations:

J

(7)

(8)

(9)

(lo)
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Equation(7)isa materialbalanceforanyspeciesinthefluid,assuming
steadystateandno chemicalreactionandnotingthatthetangential
velocityofthefluidisnegligiblenearthewall;thesameassumptions
we alsoinvolvedintheotherthreeequations.Equation(8)is abal-
snceof forcesactingonthefluidinthex-directionendincludesiner-
tialforce,pressuregradient,gravitational.force,andviscousforces,
respectively.Theforcebalancesforthey- smdz-directionsindicate
onlythathydrostaticequilibriumiscloselyapproachedinthosedirec-
tions.Eqution(9) is snener~balsmce,includingener~ transport
by theaveragemotionofeachmolecularspeciesandby molecularmotion,
andtheheatingofthefluidby internaldissipation,butneglecting
thermaldiffusioneffectsanddx!orptionoremissionofradisntenergy
by thefluid.Equation(10)isa materialbalancecombinedw’ithFick’s
lawas statedineqpation(k).

AssumingthedensityP independentof x, neglectinginternal
friction,assumingW, k, and p~M independentof y, andnoting
thatthemolalmasstransferratessregivenby

()VjyiLq=— %0
theaboveeoyationsbecome

(U)

(12)

(u)

(14)

(15)

Thesearethebasicdifferentialequationsoffilmtheory,asusedin
thepresentwork.

.

.

.
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Applyingequatibn(E?)from Y = O to y =A foreachtr-fer
processandfore+eryspecies,theSUmSh e~atio~ (13))(14))~
(15) arefoundtobe independentof y alonga givenperpendicularto
thewall. AJso, P + pgH isessentiallyconstant(hydrostaticequl-
Il,briumprevaiU)in a planeof constantx. Equations(13),(14),and
(15) thereforecontainonly u, T, Xi, X, - Y aSvaiablesin a
givenphysicalsituationandarereadilyintegratedwhen x isheld
constant.

Thesolutlonto thesystemof’equations(J2)to (15)hasbeen
obtainedfortwocases:FlowWithouta pressuregradientad flowwith
a pressuregrsiiient.Onlytheanalysisforthezero-pressure-gradient
casewin be presentedhere. Thefinite-pressure-gradientcasetiUbe
reportedwhene~erimentalworkinvolvingfiniteNer nunibersis com-
pletedandavailableforcomparisontiththeory.

IftheVariationof P + pgH withthedistmce x downstream
alongthewaU isneglectedandif x and z me heldconstant)the
substitutions

(16)

(17)
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.
reduceequations(13),(14),and(15)to thesingledimensionlessequation —

withboundaryconditions

() d2~F!lQ._
b ~2

P =0 when m=O

(18)

(19)

P =lwhenm=l (20)

Equation(20) isobtainedfromtheassumption,alresdyimplied,that
main-streamconditionsprevailattheouterboundaryofthefib.

The r qusmtitiessredimensionlessmeasuresofmasstrsmsfer
rate;the m quantitiesaredimensionlessy-coordinates.

Wtegratingequation(18)withtheboundq conditionsjustgiven,
thedimensionlessvelocity,temperature,andmole-fractionprofilessre
obtainedintheform

andthedimensionlessgrsdientsof theseprofilesattheboundary:

Theseexpressionsreduce,in

(21)

(22)

thelimitingcaseofnomasstransfer,to

P =m (21a)
r+0

.

.

i%o(~)o‘49.0=1 (22a)
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from
this

md>

Equation(22a)providesa mesnsfordeterminingfilmthicktiess
transfercoefficientsat zeromasstransferrate. Substituting
resultinequations(6),thereresult

correspondingly,equations(16)become

2 ~ NjMj

()b—r =
AF “h

Ul%=f*

\A -/H h*

()&~r
Di

wheretheasterisks* indicatethatthese
valuesforzeroweightedmeanmasstransfer
transferprocess.Thequantity@,defined

15

(23a)

(23b)

quantitiesarethelimiting
rate(r= O) forthegiven
by equations(23b),ismore

convenienttouseinactualcalculationsandisintroducedhereto
replaceI’.

Thetransfercoefficientsforfinitemasstransferratesarecon-
venientlyexpressedintermsof correctionfactors0 by whichthe
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.

coefficientscf*, &, and k~ mustbe multiplied
coefficients:

6F = cf/cf*1

(25)

theratioofthe

eH =h/~

em = Ki/&L
1

Corcibiningthesedefinitionswithequations(6),(22),

, (u+%).
=(W@-Y).o

or

Filmtheoryprovidesno informationconcerning

to obtaimthetrue
.

and(22a),

(26)

effectivefilmthicknesses,A/& . Presumably,A/~ isa function
ofthemasstransferrateanddistribution.Simplefilmtheoryis
forcedto ignorethispossibility,however,endassumesthattheratio
isunity.Withthissinplificati.on,eqyation(26)becomes

for
(27)

.

Thevariationofthetransfercoefficientswiththerateofmass
transferaspredictedbysimplefilmtheoryisgivenbyeqyations(~)
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andshownin figure1, Thepredictedtramfercoefficientsshowa wide
variationwith #, increasingas # becomesnegative(i.e.,whenmass
transferoccurseffectivelytowardthewall)anddecreasingas @ becomes
positive(i.e.,whenmasstransferoccurseffectivelyawsyfromthewall).
Thecurvehasno finiteasymptotes,2S@ correctionsof W xt~e =
be encountered;inpractice,thesepredictedcorrectionsusuallyrange
fromO.5to 2.0. Equationscloselyresenib~ngequations(27)weregiven
by Ackermann(ref.5),ColburnandDrew(ref.4),andFriedman(ref.6).

Iftherateofmasstransferisspecified,thecorrectedratecoef-
ficientmsybe obtaineddirectlyfromfigure1. b othercases,howeverj
thecalculationofpertinentstreamorboundarypropertiesinvolvestrial
anderrorif onlyfigure1 is available.A typicaltrial-and-errorsitua-
tionisfoundin “trsmspirationcooling”whereit isdesiredtomaintain
a specifiedwalltemperaturethroughtheuseof a coolantgasblown
throughtheporousconfiningwall=d intothemainstream.Ordinarily,
themain-stresmconditions,theavailablecoolantgastemperature,and
thedesiredwalltemperaturearespecified.Therequiredflowofcoolant
throughthewallistobe determined.Theproblemmsybe sol.vedbythe
conibinationof appropriateenergybalancesandtherelationsuppliedby
figure1 butinvolvesiteration.b suchcircumstmces,trialsmderror
iseliminatedif a newparameter,thedimensionlessresistancefactorR,

R = @/@ (28)

isused. Ifequation(28)is cotiinedwithequations(23b),(24),and
(27),thereresult

7
2 ~ NjMj

RF=~
ulPlcf

~ ‘j”jcpj T - T~

Rrr= J o= I-.n h

E Nj.
RDi= JKi =

I

T8 - To

Xio- Xil

Iii
~- - Xio
+-Nj ‘-1

(29)3

d A

%owever,as @+~, e+0; as ~+-=, 0+ -@. Anytheoryshould
satis~thesecriteria=d thefilmtheorysatisfactorilyapproachesthe
correctMmitingconditions.

%his servestodefineTS. Forinjectioncooling,Ts isthecool-
smttemperature.Thetwoexpressionsfor RE and RDi areidentities.
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@ = lo~(R+ 1) (30)

Equation(30)isplottedinfigure2. Thev~iationof 8 with R is
qualitativelysimilarto itsvariationwith @,since@ end R are
of likesim anddifferonlyby thefactore. Equation(30)andfig-
ure2 show
quantities

. .
that @ and R becomeequalinthelimitaseitherofthese
approacheszero.

.

Boundary-LayerTheory

Whenlsminarflowoccursin systemsof relative~simplegeometry,
boundsry-layertheorymsybe usedto calculatethevelocity,temperature,
andconcentrationprofilesandthecorrespondingtrsnsfercoefficients.
Althoughtheconceptsofboundsry-layertheoryinvokecertainidealiza-
tionsoftheflowprocess,thetheoryrepresentsa verycloseapproxima-
tiontotheactualphysicalsituation.Consequently,theoryandexperi-
mentmsybe expectedto showexcellentagre--nt
situationsexist.

Intheapplicationofboundary-layertheory
physicalmodelusedwastheflowof a fluidover
calculationswerefurtherrestrictedtothecase

whencomparable-

.
presentedhere,the -.
a flatplate.The
ofuniformfluidPYOp-— ..

prties,uniformvelocityprofileinthestresmapproachingtheplate,
zeroaxialpressuregradient,unifo~walltemperature,anda blowing
or suctionvelocitywhichvariesas l/@ Theeffectsdueto changes
inthevalueofthemain-stresnReynoldsnumber,theblowingor suction
velocity,andthePrandtlorSchmidtnumberofthefluidwereinvestigated.

Althoughtheanalyticalcalculationscouldbe extendedto cover
casesofnonuniformfluidproperties,finitesxialpressuregrsdient,4
nonuniformwalltemperature,alternatemasstransferdistributions,and
alternateflowgeometries,thiswasnotattemptedinthiswork. The
experimentaleqyipmentcouldbe rununderconditionswhichsimulated
closelythecasestudiedanalytically,smditwaadecidedtodetermine

—

theagreementbetweenexperimentandthetheoreticalresultspresented
hereandavailableintheliteraturebefore-carryingoutadditional
theoreticalcalculations.

J

TheequationsofPrandtlforthelsminarboundsrylsyerona flat
platewithoutpressuregradientorvariationin fluidpropertiestake
theforms:

‘Theconstant-property,constantEulernumbercalculationsofBrown
andDonoughe(ref.21)csmbe expandedreadilytoincludea rangeof

m

PrsmdtlorSchmidtnunibersifthe uantityZ intheanalyticalsolution
Yusedhereisreplacedby Z(EU+ 1 . .
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Totalmassbalance:

2LL+$=0
ax

Momentumbalsmcein x-direction:

Energybalance:5

aTar k ?%u-+v —=— —
ax

Massbalanceforcomponenti in

&f
‘F+v

withtheboundaryconditions:

ay c-pP*2

a binsrymixture:

y-+o: U+o, V-vo(x), T+To} xi~xio

19 “

(3U

(32)

(33)

(3+)

1(wallconditions)

(35)

axi-o
X1+X1l, 37 J(stresmconditions)

Usingtheboundary-l~ersubstitutionsofBlasius,

5~terml dissipationofener~ isneglected.
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f I

(where ~ isthestreanfunction,

momentumbalanceequationbecomes:

rltf+

withthebound~ conditions

q +0: f’(o)+o;

‘q+~: f’(@)+2;

(36)

*definedby — = u, q= -v the

&ax )

ff”=o (37)

r-2V0 ~xp
f(o)+—U1’ v

f“(m)~O }

.

(38)

d

Theaboveapproachyieldsvalidsolutionsonlyfor f(o)= constant= c.
Consequently,allresultsobtafnedbythis
wherethemasstransferdistributionis of

In addition,
gradientend

-cu~
vo=— rUlxp2—

w

theresultsobtainedhereare
henceconstantU1.

mthod applyonlyto thecase
theform

(39)

Mmitedto zeropressure

ihspiteoftheseverelimitationimposedonthepermissiblemass
tramsfer~stributionsby theBlaslussubstitutions,t~esolutionsare
of considerableinterestsincethismasstrans”ferdistributioncorre-
spondsto thatproducedinthepracticalcaseofdiffusionundera con-
stantdrivingforce(uniformwallandstreamconcentrationofdiffusing
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.

.

. component). Furthermore,thisdistributionleadsto a uniformwaU
temperatureinthecaseofinjectioncoollngwithuniformcoolantand
main-streamtemperatures.

Blasius(ref.24)solvedequations(37)and(38)forthecase
f(0)= O (nomasstransfer)andSchlichtingandBussmann(ref.10)have
extendedthecalculationsandpublishedtablesof f, f’, f“, sm.df’!’
asa functionof ~ forvaluesof C!= 5, 3, 1.5,1.(),0.5,0, -0.5,
-0.75,and-1.0(fivevaluesof suctionandthreeofblowing).These
vtities determinethevelocitydistributionintheboundarylqrerand
thewallfrictioncoefficientcf since

u 1 f’(~)—=.
ul 2

Cf_ f“(o)
2

r

Ulpx
4—

v

(40)

(41)

(42)

Thetemperatureandconcentrationprofilesandthecorresponding
transfercoefficientsaredeterminedlygeneralizingequations(32),
(33),and(%) ~dsolv~gtheresfitingequation. Thegenerallzation
is accomplished”bytheintroduction
modti (eqs.(7))

$F=;

ofthe-dimensionless-profile

= * f’(v)

.
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ad thedimensionlessfluidphysicalpropertygroups
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.
.

.

.

(43)

into equations(32),(33), and(%). Theresultisthegeneralequation

w)dx

Thisequationissolvableby the
providedtheboundaryconditions
ifthewalltemperatureTO and

methodsusedto resolvee~ati.on(32)
sreidentical.Thisis accomplished .
composition_Xio smdthemain-stream
Xil areindependentof x. Then .

+ Zfp’= o (45)6

temperatureT1 andcomposition
equation(44)becomes

P
11

forwiththeboundaryconditions

1 (46)
$’+0

Asbefore,f

Ifvalues
integration:

denotesthesolutionto equations(37)smd(38).

of f(q) areavailable,P(v) wbe foundby~rect

[(B’(V)= P’(O) exp-Z

-

J-qf dq.0
(47)

.

.

%rimesdenotedifferentiationwithrespectto q.
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(48)

Inviewoftheboundaryconditionp(rn)+l.

The f(~) valuesreportedby Schlichtingwereusedto solveeqm
tions(47),(48),and(49)numerica~,givingtemperaturean.concentra-
tionprofilesandgradientsatthewalJfora numberofvaluesof Z
(PrandtlorS&midtnuniber).Thesewallgradients,proportionalto the
transfercoefficients,WA presentedintableI andwereusedincalcu-
latingthetheoreticalresultsplottedinfigures1 &nd2. Representa-
tive ~ profilesareshownin figure3, sndvaluesof ~ as a function
of C, Z, and ~ sretabulatedintableII.

Asymptoticanalyticalsolutionsof someinterest,@avebeenobtsined
fromequations(48)and(49)by expandinqf in a Tsylor’sseries
from q = 0, f(q)=f(o) + qf’(o)+ qzf‘(0)/2+. . sndobserving
that,inthelimit,certaintermsbecomedominant.Fo~’1.s,rgevaluesof
Z,thethermalordiffusionboundarylqyekwillbecomethincomparedwith
theflowboundarylsyerandonlythefirstfewtermsof f needbe
considered.

Fortheimpenetrablephte f(o)=0 = f’(0) and f“(0) = 1.328.
Neglect@ allotherterms,equation(49)gives

p’ (0) - 0.677.1/3 (50)

remarkablysimd.lartoPohlhausents(ref.25)empiricalrelationship:

p’(o)= o.664z1/3

andmorenesrlyexactfor Z>2. Thecurvesf,or.+= shownin fig-
ures1 and2 werecalculatedby extendingthismsthodto thecaseofmaEs
transfer.In a similarmanner,forsmallvaluesof Z, thethermal
boundsrylsyerbecomeslargeandthesmallregionofvelocityvariation
nesrthewallcanbe neglected,giving

$’(0)= 1.Mgzllz
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However,this
valuesof ,Z
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equationapproachestheexactsolutiononlyatverysmall
andbecomesmoreaccuratethanequation(50)onlyat

z <0.047

Thevaluesofthetransfercoefficientsdefinedby equations(1),
(2),and(3)w be calculatedby meansoftherelations

(52)

(53)

(%)

TheSchlichtingpsrsmeter

transferparameter@,usedin
tions.(23b),by theequation

c
-2V0r=—25 isrelatedto themassU1 P

fi~es 1 and2 anddefinedby equa-

$
-Zc=

[(g
(55)

-’pto
*

Thenotation~1(0~+ impliesthat
at zeromasstransfer(c=@= o).
evalgatedatthepropervalueof’Z.

cpPz
= T; for hi use Z = ~.

P%

thisquantityshouldbe evaluated

For ~ ~e ~’(OD* IT.lUStbe
Jnaddition

= 1; for ~ use

.

.

.
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DiscussionofTheories
.

.

Theeffectsofmasstransferonthetrtifercoefficientspredicted
by filmandlaminm-boundary.lsyertheoryme comparedinfigure1. Here,
thecorrectionfactore isplottedas a functionoftheratefactor@=
Itwillbe notedthatboundary-lsyertheo~ alwayspredictsa ~eater ‘
effectthandoesfilmtheory.Thispartlyresultsfromthefactthat
bound~-layertheorytekesintoaccountthechangesintheboundary-
layerthicknessdueto theflownormaltothewall,whereassimplefilm
theoryignoressuchchanges.

Theeffectof Z (PrandtlorSchmidtnumber)predictedby boundary-
lsyertheoryisdueto a similsrcircumstance.A largevalueof Z
impliesa thinboundq lsyerwhosethiclmessisnotaffectedby mass
transferto sogreatanextentSEtheboundarylsyerassociatedwith
“smallZ values.Again,qualitatively,thesnalo~betweenfilmand
boundary-layertheorymaybe developedinmoredetail.Filmtheory
appearsto representa casewherethefilmtQicknessis lessthanthat
forlaminarflowwith Z+m. Thisisthesituationinturbulentflow
wheretheeddydi.ffusivltylargelycontrolstheexchangeprocesses.
Consequently,itisprobablethatfilmtheorywificorrespondmore
closelyto experimentinthecaseofturbulentflowthandoeslaminar-
boundsry-layertheory.Ontheotherhand,thefilmthicknesscanbe
expectedto showsomedependenceonmasstransferratesnddistribution
eveninturbulentflow,andfilmtheoryfails.topredictthiseffect. ‘

EQUIPMENTUSEDINEXPERIMENTALmms

Theexperimentalapparatususedinthisinvestigationwasdesigned
andconstructedtopermita closeapproachtotheboundsryconditions
usedinthetheoreticalanalysisoftheboundsrylsyerbutwasmade
sufficientlyflexibleto allowthe=~erimentalstudyof situationsnot
amenable.totheoreticalcalculation.Briefly,theequipmentsimulates
theflowovera porousflatplateandprovidesforaccelerationor
decelerationofthemainflowandforsuckingorblowingof a gas
throughtheflatplateoutof or intothemainstresm.Figure4 is a
sketchofthemainexperimentalsetup.Thedetailsof theequipment
eu?easfollows;theparagraphnumbersreferto theindexnunibersused
infigurek.

(1)Airforthemainstreamwasprovidedby a BuffaloLimit-Ioad
ConoidalFan,ratedat approximately~ horsepowerat1,900rpmjbelt-
drivenby a ~~-horsepowerdirect-currentmotor.Themotorwasenergized
froma motorgeneratorwhoseoutputvoltageisvariablefromapproximately
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12to 260volts,d$rectcurrent,givinga wind-velocityrangeof about
4 fpsto40 fps,whichcouldbe extendedto100fpsby removalof a
glass-clothscreenattheentrancetothecalmingchsaiber. .—

(2)Thecalmingchamber,72 incheslongby~~ incheshighend.
2#3incheswide,wasfittedwitha honeyconibof l--by10-inchpaper
tu;esandseven14.-by 18-meshscreens,toreducevortexmotionand
turbulence.

(3) Thecalmingchamberdischargedintoa 40-inchnozzleconverging
from4& by 2&ginchesto 9 by 13.5inches.

(4)Mediatelyupstresmofthetestsectionthetunnelconverged
uniformly1 inchinheightin a lengthof12inches.Suctionpsmels
coveredthefullwidthofthetopandbottomwallstoremove,insofar
aspossible,theinitialboundazylsyerandto simulatetheeffectof
a sharpletingedge.To eliminatecornereffectsfrombuild-upof
boundarylsyeron thesidewalls,thesewallswereformedof suction
screensconverginguniformlysothatthewidthofthetestsection
decreasedfrom13.5to 12inchesinits12-footlength.Smallsuction
panelsinthebottomwallalsoservedtopreventbuild-upofundesirdile
boundarylsyers.

(5) T-hetest wallwasmadethetopwallofthetunnelto eliminate
theeffectofnaturalconvectioninheat-transferstudies.Thiswalland
thelesding-edgesuctionpanelswereformedof80-meshJelliffLektromesh
screenO.0~ inchthtck.

(6)and(7)Thebottomwallofthetestsectionwasflexibleand
wasmountedon a ladderlikesupportmanipulatedby fourscrewjacks.
Althoughthisarrarigementwasdesignedforachievinguniformvelocity
alongthelengthoftBetunneljthetunnelheight,8 inchesatthe
leadingedge,couldbe variedbetweenapproximately5 and13inchesat
~hedownstresnedge,providinga rsmgeofNer rmibersforstudyof
wedge”flow.

(8) TWOwindowframes,designedtohold6-inch-squsreopticalflats,
105inchesfromtheleadingedgeofthetunnel,madepossiblethedirect
observationofboundary-layerdensityprofilesby mans of a Wch-Zehnder
interferometeravailableinthelaboratory.

(9)Forcontrolofmasstransferdistributionandenergyinput,the
spacebehindthetestwallwasdividedinto15conrpartments.Thenumber
of compartmentswassufficientlylargetoprovideflexibilityinmaes
andheat–trsmsferdistribution.

.

.

—

--

.
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(10)Masstransferthrougheachcompartmentwasindicatedby cali-
bratedorifices.

(U) A separatelycontrolledwovenNichromeheatingelementwas
mountedhmediatelybehindthetestwallin eachcompsz’tment,insulated
fromthewallby a Fiberglassheettowhichitwassewn.A second
heatingelementwasmountedabout2 inchesbehindthetestwallas a
gusrdheater.

(12)A numberofbafflesweremotitedin eachcompartmentto dis-
tributetheflowuniformlyovertheheatersandthroughthewall. A
setofthermocoupleswasmountedononeofthesebafflesapproximately
oppositethethermocouplesonthetestwallto indicatetheproper
adjustmentoftheguardheaters.

(13) Boltswereprovidedto adjusttensioninthetest-wallscreen,
minimizingirregularitiesin itssurface.

(14)Thetemperatureofthetestwallwasindicatedby fromthree
to seventhermocouplessolderedtothebackofthescreenineach
compartment.

(15) Tominimizeradiation,allinteriorsurfacesofthetunnel
weregold-plated,smdgold-platedreflectorplatesweremountedbehind
thesidesuctionscreens.

-(16)Suctionthroughleading-edgescreens,side-wallscreens,snd
bottom-wallscreenswasprovidedby a steamejector,andflowwasindi-
catedby A.S.M.E.standardorifices.

(17]Properadjustmentofthebottomwallwasindicatedby velocity
traversesmadewitha hot-wireanemometeror a pitot-statictubenmunted
on a sledwhichcouldbe movedaxialdyalongthecenterlineofthe
tunnel.

Openingswereprovidedinthebottomwall~atintervalsforinser-
tionofthetraversinggearusedto obtainboundary-lsyervelocityand
temperatureprofiles.Thedetailsofthetraversingmessurementtech-
niquesemployedin thisworkaredescribedinthesectionsdiscussing
the~erimentalmeasurements.

Twopressuretapswerelocatedineachtop-wa~compartment.One
tapmeasuredthestaticpressureatthetopwallofthetunnel;the
secondtapmeasuredthestaticpressureofthecompartmentitself.These
tapsprovidedan additionalmeasurementoftheaxialpressuregrsdient
duringtunneloperationwhenthetraversingsledwasremoved,andthey

“(Whennotinuse,theopeningswereclosedwithremovablecovers.
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servedasa checkouthestatfc-pressure
boundaxy-lsyervelocftymeasuringgear.

An electricheaterwasinstalledin

NACA~ 3208

.

probeusedespartofthe
.

themanifoldsupplyinggasto
thetop-wallcompartments.During“consta@gastemperature”runsj
thisheaterwasusedtopreheatthegaaadmittedtothecompsrtment6
andsubse~entlyblownthroughtheporoustunnelwallendintothemain
stream.

EXPERIMENTALPRCCE-

Thebasicexperimentalprocedureemployedwasasfollows:

(1)Adjustthetunnelvelocity,boundsry-lsyercontrolsuction,
bottom-wallcontour,andsuctionorblotingrateanddistributionto
correspondtothedesiredflowboundsryconditions.

(2)Adjusttheheaters(ifused)sothatthedesiredthermal
boundaryconditionsareobtained. .

(3) Allowthesystemto stabilize,readjustingtheflowandthermal ,
con~tionsifnecessary.BIsomecases,severalhourssrereqyiredto
obtainsteady-stateoperation.

(k)Beginmeasurements.

Experimentalmeasummentsofvelocitysmdtemperatureprofilesand
of frictionandheattransfercoefficientswerecarriedoutovera range
of flow-conditions.Main-streamvelocitywasvariedbetween5 and60fps,
a lengthReynoldsnuniberrangeof6,500to3,300,000wascovered,and
themasstremsfervelocityrangedfrom-0.3to 0.26fpsandincluded
constantaxialmasstransfervelocityand
tions. Onetestwasmsdewitha positive
applyto zeroEulernumberflow.

MOMENI’UMTRANSFER~ AND

l/@ and l/xO02distribu-
Eulernuniber;allotherresults

CAICUIATINGTECHNIQUES

Theeffectofmasstransferthroughtheporouswallonboundary- *

lsyermomentumtransferwasstudiedbymeasurementof%oundary-lqyer
velocityprofiles.Theseprofileswereinte~atedto givetheboundary-
lsyerparametersofdisplac-ntthickness8 andnmnentumthi.clmessil. ●
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Themomentumthickness,whencorrectedfortheeffectofmasstransfer,
is a measureofthemem frictioncoefficientbetweentheleadingedge
ofthetestsectionandthepointofthetraverse.Therelationship
betweenthecorrectedmomentumthicknessanddistsncefromtheleading
edgewasdifferentiatedtoyieldlocalfrictioncoefficients.Thisis
a morereproduciblemethodthandifferentiationofthevelocityprofile
itself,but,asdiscussedlater,itis SMO subjecttoprecision
limitations.

VelocityProfiles

Thevelocityprofiledataweretakenby meansofpitottubes.Two
tubeswereemployed.Forusewithrelativelythickbounda~layers,
theprobewasmadefrom0.035-inch-outside-dismeterhypodermictubing
withthetipdrawnandhonedto 0.019-inchoutsidediameter.Foruse
inhigh-velocityrunswiththinboundarylayers,theprobewaEmadeby
solderinga O.010-inch-outside-dismetertubeto a largerdiametersup-
port. A photographof thepitottubessndthehot-wireprobeis shown
asfigure5. Pressuredifferentialswerereadtothenearest0.00@inch

. ofheptane(specificgravity,0.724).Impact-tubepressureswere
balancedagainstthepressuresmeasuredby thestatic-pressuretaps
locat@alongtheporouswall. Thesestatic-pressuretapswerechecked

. by comparisonwithmeasurementsmadeby traversinga statictubealong
thecenterlineofthetunnel.

Velocitytraversesnormalto thetestwallweremadeatselected
stationsvaryingfrom3.6to96.4inchesfromtheleadingedgeofthe
plate.

Foreach
thickness)

Momentumfitegrals

velocityprofile,themomentumintegral(ormomentum

‘=J’$(%)Q
andthedisplacementthickness

,*=[(l-~)@

(56)

(57)
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werecomputedby nun@ricalintegration.Inmakingthesecalculations,
thevelocitydatawerenotcorrectedfortheeffectofturbulenceon the
manometerindication.

FrictionFactors

TheVonK&man‘ momentumtheoremforlaminarboundarylsyerswith
masstransferis

(58)

Forturbulentboundsrylsyersadditionaltermsinvolvingproductsofthe
fluctuatingvelocitycomonentsshouldbeincluded.Thesetermsare
believedtobe negligibleexceptinthevicinityoftheseparationpoint
(orforveryhighblowingrates)mdhavenot beentakenintoaccount.
For’thetrulyflatplatethelasttermofequation(58)vanishes.In
thepresentcase,becauseof irregularitiesoftheadjustablebottom
wallofthetestchannel,themain-streamvelocityfluctuatedabout
+1percentfromitsmeanvalue,andinsomeinstancesthisacceleration
termwassignificant.

Defining~
To

= ~, equation(58)canbe rewritten

Formula(59) wasusedto evaluate localcoefficients
traverses-.Theintegratedformofequation(59)was
lengthmesmfrictioncoefficients.

HeatTransferMeasurementandCalculating

(59)d a’=—
dx

fromthevelocity
usedto calculate

Techniques

Theeffectofmasstrsnsferthroughtheporouswallontherateat
whichheatisexchangedbetweenthewaU andthemainstreamwasstudied
by directmeasurementoftheheattransferrateandby measurementof
boundq-lsyertemperatureprofiles.Thesedatawereusedto compute
heattransfercoefficients.

.

.

—
.
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DirectHeatTrsmsferMeasurements

Thetunnelwasconstructedto permitthedirectmeasurementofthe
rateatwhichheatisexchsmgedbetweentheporoustestwallti the
mainstream.Eachofthe15independentcoqartmentsformingtheporous
testwallcontainedsmelectricheaterplacedimmediatelybehindthe
porouswall. Severalbaffleplateswerelocatedinthecompartmentsto
distributeairflowevenlyoverthewholearea,smdabovethesebaffles
wasa guardheatingelement.Thisheaterservedtominimizetemperature
grsdientswithinthecompartmentandalsosuppliedheatto theairflowing
intothecompartmentinblowingruns. An externalheaterin themain
airsupplycouldalsobe usedto,heatincomingairinblowingruns.
Thermocoupleswerefsstenedtotheporouswallandtothebaffleplate
locatedjustabovetheporouswall. Thebaffleplatewascoveredwith
s@ninumfoiltominimizeheattransferwithinthecompartmentby
radiation.

Duringa run,thetemperaturesofthewall.andbaffleweremeasured,
smdtheelectricalenergyinputoftheheaterswasmeasured.A “heat
bal~ce”was
follows(see

whe~e

writtenon-~hespacefromthe.wall
fig.6):

~ + W~~ = hA(To- TI)+ Wc#o

to thefirstbaffleas

+ IOsses (60)

%
electricalenergyintowallheater

w airflowratethroughcompartments;W hasa positivesign
forblowingruns

% baffletemperature

To walltemperate

T1 main-stresmtemperature

h heattrsnsfercoefficientbetweenwallandstream

Thelosstermincludesallothermethodsofheatflowendwss
ordi~ily a smallcorrection.Inmakingtheheatbalsnces,estimates
weremadeofrsdiantheattransferfromthetestwallto otherwallsof
thetunnel,heatlossfromthesidesofthecompartments,heatflowfrom
onecompartmentto thenext,andradisntandconvectiveheattransfer
betweenthewallandbaffle.Thesecorrectionswereincludedin the
lossterm.Theheat-balanceequationwasusedto findboththeheat
directlytransferredbetweenthewallandthetin stresmhA(To- TI)
andtheheattrsmsfercoefficientbetweenthewaldandmainairstream.
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TemperatureProfiles

Boundary-layertemperatureprofilesweremeasuredby meansof
thermocouplesnmuntedina trawersfngdevicethatcouldbe positioned
to 0.001inch.Twodifferentthermocouplesystemswereemployed,one
forlow-velocityrunsandtheotherforhigh-velocitymeasurements.A
photographofthe probesappearsasfigure7.

Thelow-velocitythermocoupleconsistedofa silver-solderedjunc-
tionof a 36-gageChromelwireO.O@ inchindimneteranda 40-gage
Alumelwire0.003inchin-diameter.The@ctfon itselfwasO.0~ inch
acrossinthedirectionnormaltothewallandwaslocatedatthecenter
of 1 inchofwire,supportedparalleltothewallandperpendicularto
thedirectionof flow.Thethermocouplewasrovedtowardthewalluntil
electricalcontactwasmadeandthenbackedofffromthewall,the
temperaturebeingreadatselectedintervals.Becauseof somesagin
thewireandtilt.ofthethermocouplesupport,theclosestreadingsto
thewallwereata distanceof about0.013inch. Athighvelocities,
thesystemusedto supportthisthermocoupledisturbedtheflowpattern
sufficientlytomakethetemperatureprofilemeasurementsunreliable.
Whenplacednearthewall,thesupportdeflectedthemsdnairstream
upwardthroughtheporouswallaheadofthesupportanddownwardthrough
thewallbehindthesupport.Thiswasborneoutby abnormallylow
readingsofthewallthermocoupleatthetraversingthermocoupleposi-
tionandabnormallyhighresdingsof thewallthermocoupleatthenext
positiondownstream.Theflowdisturbsmcewasmostpronouncedduring
runsmadewithoutmasstransfer.Aswouldbeexpected,forcedblowing
or suctionthroughtheporouswallminimizedthedisturbancecausedby
thesupport.

h orderto obtatnreliabletemperatureprofilesathightunnel
velocities,a smallthermocouplesupportwasconstructed.Thesupport
consistedof a pieceofhypodermictubingbentata rightangleso as
topointupstresn.Thethermocouple,consistingofO.C)10-inch-dismeter
copperandconstantanwire,projectedabout1/4inchbeyondtheendof
thehypodermictubing.Thetwowiresweresolderedatthetipandthe
junctionwasfiledsothatwiththethermocouplein contactwiththe
wallthetemperatureresolingwouldcorrespondto a distanceof about
O.00~inchfromthewaU. At lowtunnelvelocities,conductionerrors,
causedby theshortlengthandhighth.emalconductivityof theexposed
lengthsofwire,bebsmei.mportsmt.Consequently,thisprobewasnot
usedduringlow-velocityruns. At intermediatevelocities,thisprobe
andthelow-velocitysystemwereingoodagreemnt.No significantflow
disturbancewasnotedwhenthehigh-velocitythermocouplewasused.

As a roughcheckontheheattransfercoefficientsobtainedby heat
balancesonthecompartments,valuesoftheheattrsnsfercoefficient
werecomputedfromtheslopesofthemasuredtemperatureprofile.The

,-

.
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rateofheattransferfromthewallmaybe expressed~

33

Ifthetemperature

(q/A). ().h(To.~1)= -k=
4Y~

(61)

()
grsdientatthewall ~ canbe evaluatedfromthe

aY I-Y
temperatureprofile,theheattrausfercoeffi~ientcanbe calculatedby
theaboverelation.Zngeneral,thewalltemperaturegradientcouldnot .
be measuredwithprecision,andthe.heattransfercoefficientscalculated
inthisweywerenotconsideredreliable.

EnthalpyThickuess

Theenthalpythiclmess~ isrelatedto theheattransfercoeffi-
cientinthesamemannerastherelationbetweenthemomentumthickness
andthefrictionfactor.Theenthal.pythicknessisdefinedas

An ener~balanceappliedtotheboundarylayeryields

(63)

Theenthalpythickness~ canbe calculatedfrommeasuredvelocity
endtemperatureprofilesandplottedasa functionof x, thedistemce
fromtheleadingedgeoftheplate.Thevaluesof d~/dx obtainedfrom
sucha plotmaybe usedinequation(63)to calculatethelocalheat
transfercoefficient.Theintegratedformofeqyation(63)”IMYbe used
to evaluatelengthme= heattrsmsfercoefficients.Thismethodismore
reliablethencalculationsbasedupontheslopesof thetemperature
profilesbutreqyiresmeasurementsofboththevelocityendtemperature
profiles.Wheresuchdataweremeasured,theheattransfercoefficients
werecalculatedfromtheenthalpythicknessandtheresultingvalues
comparedwiththevaluesobtainedby alternatetechniques.

Insomerunsonlytemperatureprofilesweremeasured.However,if
theboundarylsyerwerelaminarandthewallvelocityproportionalto
l/@, thevelocityprofilecouldbe estimatedif itwasassumedthatthe
velocityendtemperatureprofilesdifferedonlyas a resultof the
Prandtlnumber.Thus,accordingto lsminar-boundary-layertheory,
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TO-T
To - T1

.

.

(65)

Numericalintegrationofthe (1/Pr)poweroftheslopeof themeasured
temperatureprofilewasusedtoestimatethevelocityprofile.Inthe
lsminar-boundary-lsyerregime,thismethodwasusedtodetermineapproxi-
matevaluesforthevelocityprofile,themomentumthickness,andthe
enthalpythicknessfromthemeasuredtemperatureprofiles.

.

EXPERIMENTALRESULTS
.

VelocityProfiles

Experimentaldata.-Velocityprofilesweremeasuredundertheexperi-
mentalconditionsshownintable111. Themeasurementsweremadeusing
a’irinbothmainandinjectedstresms,exceptforrunsV-1andV-2for
whichno fluidwasinjected,andat zeroEulernumber.Main-streamveloc-
itiesrangingfrom20to60fpswereused. Traversesweremadeat
selectedstationsvaryingfrom3.6to 96.4inchesfromtheleadingedge,
coveringa lengthReymoldsnumberrangeof46,OOOto1,230,000.Mass
transfer,obtainedby blowingor suckingairthroughthewall,wascon-
trolledseparatelythrougheachofthe15test-wallsections,sothata
stepwiseapproximationtothedesiredlongitudinalmasstransferdistri-
butionresulted.Datawereobtainedunderconditionsofblowingwith
bothconstantvelocityandconstant@ (v.a l/@ inthelsminsrregime —

and V. ccl/xO-2intheturbulentregime)andofsuctionwithconstant
suctionvelocityandconstant@.

Themeasuredvelocityprofiledatasre”tabulatedintableIV.
Representativevelocityprofilessregiveninfigures8 and9. Fig-
ure8(a)showsvelocityprofilesfora runwithnomasstransfer;fig-
ure8(b),forconstantblowingvelocity;figure8(c),forconstantsuc-
tionvelocity;andfigure8(Q),forsuctionwithan inversesquare-root .
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distribution(constant@ inthelsminsrregime).Figures9(a)to 9(c)
showvelocityprofilesmeasuredunderconditionscorrespondingto the
temperatureprofilesoffigures10(a)to 1O(C).Figure9(a)presents
thevelocityprofilesforblowingatconstant~; figure9(b),for
constantblowingvelocity;andfigure9(c),forsuctionat constant~.

Accuracyofmeasurement.-Theaccuracyofthevelocityprofile
measurementswaslimitedby severalfactors:

(1)UncertaintiesinthemeasurementoftheWallposition.The
Y = O positioncouldnotbe reproducedtobetterthsm*0.002inch.

(2)Velocity-grsdienteffects.Inthepresenceofa velocity
gradienttheprobereadinggenerallydoesnotcorrespondto a probe
positionmeasuredattheprobecenterWe. Althoughtheprobeposition
readingswerecorrectedby meansof a theoreticalsnalysisofthe
velocity-gradienteffect,errorsinthecorrectedprobepositionofthe
orderof●0.002incharepossible.

(3)pressuredifferentialmeasurements.Themanometerusedto
messurethepressuredifferentialcausedby thevelocityhesdgavea
correctindicationofthepressuredifferentialto thenearest0.0005inch
ofheptsne.Thelossinprecisionduetothelhitationsoftheinstru-

fkl 0.8mentisgivenby theexpression—~ — andbecomesseriousatveloc-
U. U2

itiesbelow3 fps. Conseqyentl.y,theprofilemeasurementswerenot
extendedintotheverylowvelocityregionoftheboundarylayer.

(4)Reynoldsnumbereffects.At lowR~~oldsnunlbers(basedupon
probediameter)it isknownthattheusual pitotttie”equationfails.
A checkoftheprobesusedhereindicatedthatthepitot-tubeequation
couldbe appliedwithouterrorsgreaterthan*1percentdownto a probe
Reynoldsnumberofabout30. T’hiscorrespondsto a velocityof about
3 fps,thessmevelocityatwhichthemeasurementofthepressureitself
beginsto introduceseriouslossofprecision.

(5)mrbulenceeffects.
.

Thefluctuatingvelocitycomponentsasso-
ciatedwithturbulentflowaffectthe@act reading.h theseexperi-
unts, however,themessuredturbulenceintensitywasof theorderof
0.3percent,a sufficientlylowvaluetohavea negligibleeffecton
thevelocitymessmr-nts.

(6)Flowdisturbanceeffects.Anyinstrumentplacedinthestresm
disturbstheflow.Theprobeusedherewaadesignedtominimizethis
disturbance.A comparisonof thevelocityasmeasuredby theimpact
probesndby a hot-wireanenm~tershowedgoodagreementexceptinthe
immediatevicinityofthewall. Sincethehot-wirewasmuchsmaller
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thantheimpacttube,theagreementindicatesthattheimpactprobedid
notseriouslydisturbtheflowatreasonabledistancesfromthewall.
Thereadingsofthe-impacttubeaudthehot-wirebeganto showsignifi-

—

cantdifferencesata distanceof about0.03inchfromthewa~. In
everycasethehot-wiregavehighervelocitiesthenthepitottube.
This‘wasfoundtobe duetoheatflowingfromthehot-wiretothecool
wall. Sincecomparisonwiththehot-wiredidnotadequatelyshowany
wallflowdisturbance,a secondtechniqyewastried.Thewallwas
heatedto a temperatureabovethatofthemainstresmandthewald
temperaturemeasuredbothwithsndwithouttheprobeimmediatelyadja-
centto thewall. No changeinwalltemperaturewithprobeposition
couldbe detected,indicatingthatthedisturbancescausedby theprobe
weresmall..

Theaccuracyofthevelocityprofilemeamrementscanbe summarized
a8follows:Thevelocityitselfcouldbe determinedwithanaccuracy
largelyfixedby themanometeremployed,theerrorinthevelocitybeing

0.8givenby theexpressionAu = —. Thedistancefromthewallcorre-

spondingto a givenvelocityme”-urementwassub$ecttoerrorsof
AO.O@ inch,resultingfromuncertaintyconcerningthezeroposition
andtheeffectofvelocitygradientonthepitot-tubereading.

h termsof flowconditions,thevelocityprofilemeasurementsare
leastre~ablewhenmeasuredina thin-boundq-leyerregion.Thin
boundarylqferswerefoundneartheleadingedgeandatallpositions
duringrunsmadewitha highsuctionvelocity.

MomentumandDisplac-ntThickness

Theneasuredvelocityprofileswereusedin conjunctionwithequa-
tions(56)and(57)to calculatethevalueofthemomentumthiclmess3
anddisplacementthickness5* by numericalintegration.Theresulting
valuesof ~ and @ aretabulatedintableIII.

Theprecisionwithwhichthemomentumordisplacementthickness
couldbe determinedwasa minimuminsuctionrunsanda maximumin
blowingruns. Thisfollowsdirect3yfromtheprecisionofthevelocity
profilesfromwhichtheintegralswereevaluated.

FrictionCoefficients

Localfrictioncoefficientswerecalculatedusingthevaluesofthe
momentumthicknessandequation(59).Thetecl@.queemployedwasto-
plotthequantity~’,themomentumthiclmesscorrectedformasstrtisfer

“

.

. .

.
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andmain-streamacceleration,asa functionofthedistancefromthe
leadingedge x. Theslopesdti‘/dx of theresultingcurvesareequal
tothelocalvalueof cf/2. Ina givenrun,themaximumnuniberof
stationsatwhichvaluesof $! weredeterminedwaseight.Frequently,
thesevaluescove;edlaminarmd turbulentflow.Thesecircumstances,
coupledwiththe scatter”ofthedata,madethedeterminationofthe
detailedrelationbetweent’ and x difficult.Itwasfoundthat
whenthedatawereplottedas 19’versusx on logarithmiccoordinates,
a straightline,ortwostraightMinesforrunsinwhichbothlaminar
andturbulentregimesweresignificant,fittedthedataquitewell.
Thisis illustratedbyfigurel.1whichshowsvaluesof 8’ versusx
forallrunsmileat a main-streamvelocityof26fps. ml ofthedata
weretreatedinthiswsy;a curveoftheform

wasfittedtothedataby themethodofleastsquares.Thisrelationship
wasthendifferentiatedto givethelocalfrictioncoefficient:

Cf–.C ~~bxb-l
2&

Theempiricalequationsforthelocalfrictioncoefficientsfoundin
thisway,generalizedto includetheeffectofReynoldsnumber,are
tabulatedforeachrunin tableV. Figures12(a)to 12(k)showthe
localfrictioncoefficientsforeachrunplottedasa functionofthe
distancefromtheleadlngedge.

It isrealizedthatthemethodusedto determinethelocalfriction
coefficientforcesthederivedrelationto followtheform

Cf 1—=—
2

(Rx)n

andconsequentlymaskseffectswhichmaybe significmtfroma theoretical
pointofview. Althoughthisisundesirable,itisbe~evedthatthe
precisionofthedataobtainedheredonot@sti~ a moresophisticated
treatment.

Theaccuracyofthefrictioncoefficientsobtainedfrommomentum
thicknessvaluesis a functionofboththeaccuracyofthemomentum
thicknessdataandofthetypeofmasstransfer.Examinationof equa-
tion(59)showsthatinblowingruus $’ representsthedifference.
betweenthemomentumthickness8 andthedimensionlessblowingveloc-
tty vo/ul.Athighblowingratesvo/ul isofthesameorderas $
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andtheprecisionof $’ islessthenthatof 8 or vo/ul.Insddi-
tion,theprocessofdifferentiationgreatlyreducestheprecisionof
theresult,andtheaccuracywithwhichthelocalvalueof thefriction .

coefficient
(%= ~)

islmownislessthentheaccuarcyof iliitself.

Thereverseistrueinthecaseofsuctionruns;~’ isthesum
of $ and Vo/ul.Ontheotherhand,themomentumthicknessitselfis
notknownwithprecisioninsuctionrunsendthis,whenaddedtothe
effectscausedby differentiation,limitstheprecisionofthelocal
frictioncoefficientstithsuction.

An analysisoftheseeffectsleadstothefollowingestimatesof
theprecisionofthefrictionfactorsreportedhere:

I Masstransfercondition I Estimatedprecisionof
frictionfactor,percent I

.

Highsuctionrate *5
Zeromasstransfer *lo
Highblowingrate *3O

.

.

DirectHeatTrsmferMeasurements

Experimentaldata.-Heattransfercoefficientsweremeasuredunder
theexperimentalconditionsshownintableVI. Themeasurementswere
madeusingairh bothmainandinjectedstreamsexceptforrunsH-1
throughH-4forwhichnofluidwasinjected.Withtheexceptionof one
run (H-27a),allexperimentsweremadeat zeroNer number.Main-stresm
velocitiesofapproximately5,20,smd60fps.wereused. Theflowinthe
tunnelwaslargelylsminaratthelowestvelocitysmdturbulentat the
highestvelocity.At theintermediatevelocitytheflowwasgenerally
laminarinsuctionrunsandturbulentinblowingruns.Measurementswere
madeatpointsrangingfrom2.8to111.9inchesfromtheleadingedgey
coveringa lengthReynoldsnumberrangeof6,500to3~300~oo0.Datawere
obtainedwithmasstrsmsferthroughthetest-wallsectionsadJustedto
givebothconstantvelocityandconstant@ (VOccl/fi inlsminsrregime
and V. a l/xO.2inturbulentregime)withbothblowingandsuction.
Constant-velocityrunsweremadewith V. varyingfrom0.12to -0.12fps
andconstant@ runsweremadewith @H varyingfrom1.2to -3.6.

Thedirectlymeasuredheattransfercoefficientssretabulstedin
tableVII. Thedataareshowningxaphicalforminfigure13. Fig-
ure13(a)showscoefficientsfornomasstransfercomparedwithpre-
dictedvalues.Thepredictedvaluesareobtainedfromboundary-layer

.

.
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theoryforthelsminsrregime.Fortheturbulentregimethepredicted
valuesareobtainedfromtheChilton-Colburnempiricalrelation

= 0.0288

(RX)0”2

Thisrelationisbasedon esr~erexpe~ntal workby otherworkers
andisseento agreequite,wellwiththeexperimentaldataof runsH-2,
H-3,sndH-4.

Figures13(b)through13(f)showcomparisonsofexperimentally
measuredcoefficientswithpredictedvaluesforvariouscasesofmass
transfer.Predictedvaluesforthelsminarregimeareobtainedfrom
boundary-lsyertheoryandfortheturbulentregimefromfilmt~eory
basedontheChilton-C!o12mrnrelation.Figure13(b)showsresultsfor
blowingat constant~; figure13(c),forcons~antblowingvelocity;
figure13(e),forsuctionat constant~;~ sndfigure13(f),forcon-
stantsuctionvelocity.Figure13(d)comparesthreerunsforturbulent
flowandblowing.RunH-20wasmadewitha uniformbluwingvelocity
of0.12fps. RunE-21awasmadewiththessmemesnblowingvelocity
butwiththemasstransferrateadjustedto givea uniformwalltempera-
tureaswellasa uniformgastemperature.Thisresultedin a mass
transferdistributionwitha constantvalueof ~. RunH-~awas made
witha uniformblowingvelocityof0.12fpsandwasthereforeidentical
withrunH-20aexceptthatthemain.stresmwasaccelerated.Ihthis
runtheexperimentalvaluesarecomparedwithresultsof runE-20a
adjustedfordifferencesinvelocity.

Accuracyofmeasurement.-Theaccuracyofmeasurementofheattrsns-
fercoefficientswaslimitedby severalfactors:

(1)Accuracyoftemperaturemeasurements.Temperatureswere
meaauredby thermocouplesattachedto theporousscreensndtoperforated
baffleplatesbehindthescreen.Thethermalelectromotiveforceofthe
thermocoupleswasmeaauredby a Rubiconme B potentiometerwithan
externalgalvsnometerwhichwascapableof readingsreproducibleto
within1 microvolt(O.@” F). Thethermocoupleswerectibratedsothat
theuncertaintyofthecalibrationwss0.080F. Theaccuracyof indi-
vidualthermocouplereadingswasthereforenotan importantsourceof
error.

.

.

‘InrunsH-12andH-24thesuctionthroughcompartmentG wasinad-
vertentlyturnedoff. As a result,alldatafortheseMS downstream
Ofx= 22 incheswereaffectedby theirregularsuctiondistribution.
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from
Thelargestsourceoferrorinthetemperature
deviationofthethermocoupletemperaturefrom

NACATN3208

measurementsarises
thetruetemperature

tole measured.Thewalltemperaturesweredeterminedby averagingthe
—

.

readingsofthreeto seventhermocoupleslocatedineachcompartment.
Individualthermocouplereadingsgenerallydeviatedabout20to40micro-
volt fromthemeanvaluebutdifferedasmuchas100microvoltinsome
cases.Thiseffectwascausedby nonuniformityofheatingby theelec-
tricalheaterin contactwiththescreen.Theeffectwssmostnotice-
able inhigh-suctionrunswhereit appearedthatin someplacesthesuc-
tionof airthroughthecompartmentliftedtheheaterawayfromthe
screen.Therewasveryllttlescatterofthethermocouplereadingsin
runswithuniformblowl~gasteqeratureinwhichthe screenheaters
werenotused. Mesncompartmenttemperatureswerethereforesti$ectto
anerrorof about1°F forblowingrunsand1°to3° F forsuctionruns.
Theover-alltemperaturedifferencesweregenerallyabout20°F butin
somecaseswereaslowas9°F orashighas30°F. Therunswiththe
lowestover-alltemperaturedifferenceswerethereforesubjecttothe
greatestpercentageerrorintemperaturemeasurement.

(2)Measurementofelectricalener~ input.Inputofelectrical
energywasdeterdmedby measuringthevoltageapp~edtotheheaters
whoseelectricalresistancewaslmmwn.Thevoltagewaameasuredlyan
alternating-currentmetercalibratedagainsttistandardmeterwitha

.

precisionof*1percent.Therewasa smalluncertaintyinthevoltage
measurementsbecauseofthecurrentdrawnby themeteritself.The .
resistanceoftheheatingelemntswasmeasuredverypreciselyandwas
nota significantsourceoferror.Theover-alluncertaintyinthe
measurementof electricalener~inputwas about5 percent.

(3)waSW-nt Of COIIIpEdJIEntflowrates.Inms wheretherewas
a temperaturedifferencebetweenthescreensandthebafflebehindit,
theflowratethroughthecompartmentwasneededto calculatetheheat
transfercoefficient(seefig.6). Thisflowratewasmeasuredlycali-
bratedorificemeterswithanuncertaintyof*2percent.Thiscauses
verylittleerrorinthecalculationoftheheattransfercoefficientif
thereisa lowtemperaturedifferencebetweenthescreenandbafflebut
ismoresignificantinrunswithuniformgastemperatureandwithhigh
suctionrates.

(4)Estimationofheatlosses.Thecalculationofheattransfer
,coefff.cientsrequiredtheestimationofheatlossesfromthecomparhnents
by radiationfromthetestwallto otherwallsofthetunnel,by convec-
tionfromthesidesofthecompartments,by conductionbetweencompart-
ments,andby radiationandconvectionwithinthecompartments.The
over-alluncertaintyinthesecorrectionsis about0.1Btu/(hr)(sqft)
(OF) forrunswithlittledifferencebetweenscreenandbaffletempera-
tures.andabouttwicethisforcaseswithsubstantialtemperaturedif-
ferences.Forrunswithlowcoefficientssuchaslow-velocityruns,
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especiallylaminsrblowingUS, thisis a serioussourceof error
becausethecoefficientsmsybe as lowas0.4Btu/(hr)(Sq-ft)(% )..
Forrunswithhighcoefficients,thisisnotsn”importantsourceof
error.

Theaccuracyofthemeasurementofheattransfercoefficientscan
be summarizedssfollows:Theprincipslsourceoferrorisuncertainty
inthemeasurementsoftemperaturedifferencesbetweenthetestwalJ
andthemainstreamandbetweenthetestwallandthebafflebehindit.
Thetemperaturedifferencescanbemeasur,edtoAl”F forblowingruns
and+1°tok3°F forsuctionruns,dependingonthesuctionrate. This
errorismostseriousforrunswithlowover-alltemperaturedifferences
betweenwallendmainstreamorhighover-alltemperaturedifferences
betweenwallandbaffle.Theuncertaintyofestimationofheatlosses
canbe seriousifthemeasuredcoefficientislowbutisunimportantfor
highcoefficientsbecauseitis a fixedabsoluteerrorontheheat”
transfercoefficient.Themeasurementof eleciri.calener~ inputis
subjecttoanerrorofabout*3percent.Othersourcesof errorsxe
notimportant.

TemperatureProfiles

Experimentaldata.-Temperatureprofilesweremeasuredunderthe
experimentalconditions.shownintableVI. -Thesearethesameconditions
asthoseunderwhichdirectmeasurementsweremsd.e,exceptthattempera-
tureprofileswerenotmeasuredforeveryrun. Theexperimentaltempera-
tureprofilemeasurementsaretabulatedintableVTII. Representative
profilesareshownin f$gures10andl&. Figurel&(a)showsprofiles
forlaminarflowwithnomasstransfer;figure14(b),forlaminsr”flow
andblowlngwithconstant~; andfigure14(c),.forlsminsrflowand
suctionwithconstsnt~. FigureI&(d)presentsprofilesforturbulent
flowwithnomasstransfer.Figures9 snd10showtemperatureand
velocityprofilesforturbulentflowwithblowingor suction,theveloc-
ityprofilesoffigures9(a)to9(c)correspondingto thetemperature -
profilesof figures10(a)to 1O(C).Figures9(a)and10(a)showprofiles
forblowingat constant~; fi~res9(b)and10(b),fora constant
blowingvelocity;andfigures9(c)snd1O(C),forsuctionat constant~.

A fewvaluesofheattransfercoefficientscalculatedfromtheslopes
oftemperatureprofilesaccordingto eqaation(61]areplottedas crosses
infigure13(a).Thismethodofdeterminingcoefficientswasfoundtobe
generalJyunreliableandwasabandoned.

Accuracyofmeasuremnt.-Theaccuracyofmeasurementoftemperature
profileswaslimitedby severalfactors:

(1)Uncertaintyinthemeasurementofthethemcoupleposition.
Thepositionofthetraversingmechanismforwhichthethermocouplemade
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contactwiththewallwasreproducibleto a p-recisionof about*0.002inch.
The’effectivethermocouplepositionwhentheprobewasin contactwiththe
wallcouldbe determinedto a precisionofaboutAO.001inch,givingan
over-allprecisionofthepositionofthethermocouplejunctionof
*0.003inch.

(2)Accuracyofmeasurementofthermcoupletemperature.The
thermalelectromotiveforceofthe thermocoupleprobeswasmeasuredby
a RubiconTypeB potentiometerwithanexternalgalvanometers.The

-potentialofthecopper-constantanhigh-velocityprobecouldbe measured
witha precisionof+1microvolt(O.@LOF). TheChromel-Alumelprobe
usedat lowvelocitieshada highertireresistanceaudtherefore.a
lowersensitivity.Readingscouldbe reproducedto about*~ microvolts
(0.06°F).

(3)Monlinearityofthermocouplecalibration.Tosimpl.i~the
calculations,temperatureprofilesreducedto a dimensionlesstempera-
te (p) werecalculateddirectlyfromthethermocouplereadingin
microvoltratherthanfirstconvertingmicrovolttodegrees.This
wasalMwablebecausethecalibrationsofthethermocoupleswerelinear
overthetemperaturerangeoftheprofileswithintheprecisionofthe
temperaturemeasurements-themselves.Therateof changeofthermal
electromotiveforcewithtemperaturechangesby notover2 percentfor
thetemperaturerangeof anyprofile.Thereforethisisnota serious
sourceoferror.

(4)Determinationofwalltemperature.h orderto obtaindimension-
lesstemperatureprofiles,itwasnecessaryto knowthevalueofthe
temperatureof thewallatthepointwheretheprofilewasmeasured.
Forrunswithlaminsrflowwheretheprobecouldmeasuretemperatures
verynearthewall,thewalltemperatureitselfcouldbe obtainedby
extrapolationofthemeasuredpointsto y = O. Thiscouldgenerally
be doneto a precisionofabout5 to 10microvolt.However,in cases
ofturbulentflowwhereitwasdifficulttomakemeasurementswithin
thelsmiharsublsyer,orwi,thverythinlaminarboundarylayerssuch
asthoseobtainedathighsuctionrates,theprobecouldnotmeasure
temperaturessufficientlynearthewallandextrapolationwasvery
unreliable.Inthesecasesthewalltemperaturecouldbe betteresti-
matedfromthethermocouplesinthewallitself,eventhoughthesewere
notalwsyslocateddirectlyabovetheprobe.Theuncertaintyofthe
estimationofwall.temperatureinthesecaseswasaboutA30microvolt.
Thiscsmthereforebe a serioussourceoferrorinsomecases.

(5)Conductionerrorinthermocouples.A thermocouplejunctionin
a fluidstreamcsmloseheatby conductionalongitsle&dsunlesspre-
cautionistakentoeliminatethiserror.Theprobedesignedforuse
at lowmain-streamvelocitieshadabout1/2inchofbarewireoneach
sideofthe$unctionexposedto airatthesametemperatureasthe

.

.
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junction.Calculationsshowthatthetemperatureofthejunctionwill
be withinO.1°F ofthetrueairtemperaturedownto anairvelocityof
0.5fps. Thisallowsmeasurementswellwithinthelsminarboundary
~er forthelow-velocityruns.Theprobeusedforhighvelocitieshad
about1/4inchofheavierwireprojectingupstream.Thisprobecould
measuretemperatureswithinO.1°F shoveanairvelocityof 10 fps,but
atlowervelocitiesitwassubjectto seriouserrorandwasnotused
exceptinrunswitha main-streamvelocityof shout60 fps.

(6)Flowdisturbanceeffects.Theflowdisturbancecaused.by inser-
tionofthetemperature-measuringprobesintothetunnelwascheckedby
observingwhetherornotthewalltemperaturechsngedanywhentheprobe
wasbroughtnearit. No significanteffectwasnoticedatmain-stream
velocitiesof7 and20 fpswhenthelargeChromel-Alumelprobewasused,
buta markeddisturbancewasnoticedat a velocityof 60 fps. Thewall
temperaturedroppedasmuchas 100microvolt(4°F) whentheprobewas
placedin contactwiththewall.,Thenextthermocoupledownstreamof
theproberesda highertemperaturewhentheprobewasinplace.This
indicatedthatairwasbeingdeflectedup throughthescreenaheadofthe
probesndwascomingbackoutintothemainstresmjustdownstreamof
theprobe.Thisprobecouldnotbe usedtomakereliabletemperature
profilemeasurementsathighvelocitiesbecauseofthisdisturbance.A
simtlsrtestof thesma~erhigh-velocitycopper-constantanprobeshowed
no significantflowdisturbanceat a main-stresmvelocityof 60 fps.

Theaccuracyofthetemperatureprofilemeasurementscanbe sum-
marizedasfollows:Thepossibleerrorinpositionofthethermocouple
junctionwasabout’*0.003inch.Errorsinmeasurementof thermalelec-
tromotiveforceorin calculationofdimensionlesstemperaturesfrom
measuredvoltageswereinsignificant.Determinationofwalltemperature
wasfairlygood(2to 3 percent)inlam.inarprofileswhichcouldbe
extrapolatedtothewallpositionbutwasserious(upto 10percent)for
thinboundary@ers orturbulentprofileswiththinlsminarregions.
Thelow-velocityprobewaEnotsubjectto errorby conductionalongthe
thermocoupleleadsatvelocitiesshove0.5fps,butthisprobedisturbed
theflowpatternmarkedlyata velocityof 60 fps. Thehigh-velocity
probecausedno significfitflowdisturbancebutw in errorbecause
of conductionalongthelesiisatvelocitiesbelow10 fpsandcouldthere-
fore be usedonlyfortherunsat60 fps.

Enthalpy!l?hiclmess

Simultaneousvelocityandtemperatureprofilesarenecesssxyin
orderto evaluateenthalpythicknesses.Inallcaseswheresimultaneous
profilemeasurementsweremade,theenthal~thickness~ wascalculated
by numerical.integrationaccordingto equation(62). Theresulting
valuesof ~ aretabulatedintableVI. h somecasesin thelsminar
flowregimeonlya temperatureprofilewasmeasured,buta velocity
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profilecouldbe d~ivedfromitIfitwasassumedthattheprofiles
weresimilarexcept-fora Prandtlnumbereffe~t.Thesederivedvelocity
profileswerecalculatedfromtemperatureprofilesaccordi~to e~a.
tions(64)and(65)andaretabulatedintshle--IX.Thevaluesof ~
calculatedfromthesetemperatureandderivedvelocityprofilesarealso
tabulatedintableVI.

.
—

.

Asinthecaseofthecalculationofmomentumthicknessesanddis-
placementthicknesses,theprecisionwithwhichtheenthalpythiclmess
couldbe determinedwasa minimumin suctionrunsanda maximum
blowingruns.

HeatTransferCoefficientsFYomEnthalpyThicknesses

Localheattransfercoefficientswerecalculatedusingthe

in

values
oftheenthalpythicknessandequation(63). Thetechniqueemployed
wastoplotthequantity~’,theenthalpythiclmesscorrectedformass
transfer,asa functionofthedistancefromtheleadingedge x. The
slopesd~’/dxoftheresultingcurveswereequaltothelocalvalue
oftheStsmtongrouph/pul~. As inthecaseofcorrectedmomentum

—

thicknesses~theexperimentalpointswerefittedwitha straightline 4
on log~ithmiccoordinates,resultingin.arelqtionof theform ~’= sxb.
Therelationshipwasthendifferentiatedtogivethelocal.Stantongroup:

—
—

—.W
.

h ~ abxb-l
Pulcp ax

Theempiricalequationsforlocalheattransfercoefficientsfoundin
thiswsy,generalizedto includetheeffectofReynoldsnuniber,are
tabulatedintableV.

Theheattransfercoefficientsderivedfromenthalpyintegralsare
insubstantialagreementwiththecorrespondingdirectlymeasuredcoef-
ficients.Forclarity,theserelationshavenotbeenplottedinfig-
ures13(a)to 13(f)exceptinthecaseof runLH-l,showninfigure13(a).

Thevaluesofheattransfercoefficientscalculatedfromenthalpy
thicknessesaresubjectto thesametypeaferrorsasthevaluesofthe
localfrictionfactorscalculatedfrommomentumthicknesses.Thepre-
cisionofthetwore6ultsisroughlythesame;

DISCUSSIONOFEXPERIMENTALRESULTSANDCOMPARISONWITHTHEORY

VelocityProfiles

Lsminarregime---Lsminar-boundary-lsyervelocityprofiledata
obtainedinsuctionrunsarecomparedwiththepredictionsoflsninar-

—
.

--
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boundary-lsyertheoryin figures15 and16. Infigure17profilesare
plottedfortworunswiththesamemain-stream
differentratesofuniformsuction.According
Bussmann(ref.10),thelaminarboundarylsyer
uniformsuctionshouldasymptoticallyapproach

u—=
lq ()

l-exp ‘+

conditionsbut@th two
to Schlichtingand
on a flatplatewith
therelationship

at a greatdistancefromtheleadingedge.Emmlnationof figure15
showsthattheasymptoticprofileis approached,theprofileat
x= 22.1inchesagreeingwe~ withthetheoreticalprofileineach
case.Thescatterinthedatamsybe ascribedto severalfactors:
(1)Theasymptoticprofileis attainedorilyata considerabledistsnce
fromtheleadingedge.Neartheleadingedgetheprofilesshouldbe
steeperandtheboundarylsyerthinner,in linewiththegeneraltrend
of figure15. However,thecalculationsof Iglisch(ref.20)indicate
thatthiseffectshouldbelessthanthatshowninfigure15. (2)It
wasimpossiblecompletelyto eliminateaccelerationofthefreestream,
withtheresultthattherewasin eachcaseaccelerationbetweenthe
leadingedgeandstationC, decelerationbetweenstationsC sndb, and
accelerationbetweenstationsD andE. Thesevelocityfluctuations
wereoftheorderofAlpercentofthemeanveloci~. (3]Thetest
wallpossessesirregularitieswhichcouldcausetheeffectivePosition
oftheprobewhenincontactwiththewdl tovaryby a fewthousandths
ofa inchfromstationto station.Inmo6tcasesit canbe seenthat
theexperimentaldataaredisplacedfromtheasymptoticprofileby a
veryfewthousandthsof aninch.

A thirdrunwasmadeata stilJlowersuctionvelocity,but’transi-
tiontoturbulentbounda~layeroccurredbeforetheasymptoticprofile
wasapproached.It isbelievedthatthedataof figure15 arein agree-
menttithlaminar-boundary-l~ertheorywithintheNts ofexperi~ntal
precision.

Infigure16lsminar-boundsry-leyerprofilesforthecaseof suction
withan inversesquare-rootdistributionarecomparedwiththecalculated
profilesofSchlichtingandBussmann(ref.10). Theseprofilesarein
qualitativeagreementwiththetheoreticalcurves.Thediscrepancies
probablyresultfromtheaccelerationanddecelerationofthemain
streamad fromirregularitiesinthetestsurfacewhichintroduce
errorsinthemeasuredvalueof y.

Inblowingrunstransitiontoturbulentflowoccurredat sucha low
Reynoldsnumberthatthelsminarvelocityprofileswerenotmeasured
withsilequateprecision.Worknowinprogresswithmoresensitiveveloc-
itymeasuringequipmenthasshownthatthisdifficultycanbe overcome
andtheincompletedatashowgoodagreementwiththeory.
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Infigures17and18thedimensionlessvelocity
asa functionofthedimensionlessdistance

ratioy/0 forcaseswhentheboundsrylsyerwasturbulent.Eachcurve
representsdataobtainedatseveral”differenttraversingstationsand
consequentlyrepresentsa widevariationindownstre-distance.Fig-
ure17presentsdataobtainedunderzeromasstransferconditionsat
U1 = 25.8fps,figure18’(.)presentsdataobtainedwithblowingat.con-
Stant~ s 1.23 W ul = 19.6fps,andfigure18(b)presentsdata
obtainedwitha constantblowingvelocityV. = O.~ fps and
U1 = 20fps. Whenplottedinthisway,thevelocityprofilesfora
givenrunarefoundtobe similarwiththeexceptionoftheregionvery
nearthewall. Theprofilesobtainedwitha“constantblowingvelocity
exhibitsomewhatgreaterdeviationfromthemeancurvethanthedata
obtainedat @ =o,tid %=1.23. Theprecisionoftheconstant‘V.
datadoesnotwarrantanydefinite“conclusionsconcerningdepsrturefrom
similaritywhena constantblowingrateisimpose”dontheflow,butclose
exemi.nationoftheoriginaldataindicatesthatat a givenvalueof y/$
thevaluesof u/u~ decreaseasthedistance-fromtheleadingedgeis
increased.Thisquestionandothertopicsrelatedtotheturbulent
velocityprofilesarediscussedmorefollywhentheturbulentvelocity
andtemperatureprofilesarecompared.

FrictionFactors

Lsminarregime.-A comparisonofmeasuredlsminarregionfriction
coefficientswiththosepredictedby theoryisshownin figure12.

Inallsuctionruns,themeasuredfrictioncoefficientsarein
goodagreementwithvalues predictedby laminar-boundary-layercalcula-
tionsofSchlichtingandBussmsnn(ref.10)forinversesquare-root
suctionandIglisch(ref.20)foruniformsuction.

lhthedatareportedhere,onlyindicationsoftheagreementbetween
theoryandexperimentwereobtainedinthecaseof laminar,no-mass-
transferflow.The x pointsoffigures12(a)to 12(f)arecoeffi-
cientsestimated
ofrunV-1. The
obtainedat x =
relationship

fromwal.1velocitygradientsof thefirsttwoprofiles
circledpointisestimatedfromthevalueof 0’
3.6inches,Rx =46,000,runV-1,by meansofthe

f

(cf/2)local,l~n.r = ~(cf/2)mean,lsminar ()‘6%

whichisvalidfortheBlasiussolution.Thesecoefficientsarein
reasonableagreementwiththeory,consideringtransitionto occur
betweenx =.3.6and x=6.9 inches.b figures12(g)to 12(k)the

.
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‘texperimental’~no-mass-transferlsminarfriction-coefficientvalues
shownwerecalculatedfromvelocityprofilesderivedfromthemeasured
I.aminar-regiontemper~tureprofilesof runE-1. Reasonableagreement
is foundbetweenthe data’!andtheory.

Inviewofthepoorprecisionof thela@nervelocityprofiles
obtainedunderblowingconditions,no friction-factorcalculationswere
attempted.

Turbulentregime.-Figures12(a)to 1.2(k)comparemeasuredfriction-
factorvalueswiththosepredictedbyfilmtheoryor,inthecaseofno-
mass-trsnsferruns,with~he
relation

Inthosecasesinwhichfilm

valuespredictedby-the-customaryengineering

theozywasapplied,thevalueof cfx,the
frictioncoefficientin theabsenceofmasstransferusedto calculatee
and @,wastheexperimentallymeasuredcoefficientatthesamemain-
streamconditions.

Zero-mass-transferfrictioncoefficientsweremeasuredatmain-
streamvelocitiesof 20,26,and59 fps. A comparisonoftheempirical
friction-factorendReynoldsnuuiberrelationsderivedfromtheexperi-
mentaldatawiththeexpectedsmooth-plate,turbulent-floweqyation

cf*I 0.0296
2

(Rx)0”2

disclosessomesignificantdifferences.At 20 fpsmeasuredfriction
factorsagreewellwiththeexpectedrelation.

derivedfromtheexperimental

andexpectedvaluesareequal
valueis15percenthigherat

derivedfromtheexperimental

cf*resultsis —=
2

at Rx = u8,000,
Rx = 1,280,000.

cf*resultsis ~ =
c

At 26 fpBtherelation
o.o12 Measured

(Rx)o.123”
buttheexperimental
At 59 fpstherelation

0.044 Themeasured
0.216”

(Rx) _
valuesme 24percenthigherthanexpectedat Rx = lo and17.5percent .-

higherat Rx = lob. Itisbelievedthatthesedifferencesresultfrom
thebehavioroftheporouswall;thebasisforthisopinionisdiscussed
morefullylater.
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The comparisonwith
presentedintheformof
plottedasa functionof
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filmtheoryshownin figures12(a)to 12(k)is
themeasuredcorrectionfactorOF = cf/cf*
theratefactor~ = *o/ulcf* infigure19.

Thecomparisonssresubjectto greatererrorthansxethemeasuredvalues
of cf or cf+ alone.Consequently,thescatterofthedatapoints
showninfigure19 istobe expected.Thedatapointsappearto indicate
thatfilmtheorysomewhatoverpredictstheeffectofmasstransfer.
Thisactuallymaybe thecase,but,in Eght oftheprecisionofthe
data,sucha conclusioncannotbe justified.Thetruestateof aff~rs
isindoubt.Withintheprecisionoftheexperimentalresults,film
theorypredictsthemeasuredeffectofmasstransferonthefriction
coefficients.

TemperatureProfiles

Laminarregime.-Lsminar-boundary-lsyertemperatureprofiledata
me comp~edwiththepredictionsof laminar-boundary-layertheoryin
figdres20(a)to 20(c).Profilesfora runwithnomasstransferme
shownin figure20(a)incomparisonwiththetheoreticalprofilecalcu-
latedby Pohlhausen(ref.~). Theprofilesshowgoodsimilarityand
areincloseagreementwitheachother,butall.oftheexperimental
profilesareslightlysteeperthanthetheoreticalprofile,indicating
thattheheattransfercoefficientishigherthsmthetheoreticalvalue.

Figure20(b)showslsminartemperatureprofilesfora runwithan
inversesquare-rootblowingdistribution.Theoreticalprofilesare
plottedfornomasstransferandfortheblowingrateusedinthisrun.
Themeasuredprofilesindicatethatthethermalbounda~layeris
thickerthanitwouldbe intheabsenceofblowingbutisnotthickened
by thesmountpredictedbyboundary-lsyertheory,indicatingthatthe
heattransfercoefficientissubstantiallyhigherthanthetheoretical
coefficient.

Figure20(c)showslaminartemperatureprofilesfora runwithan
inversesquare-rootsuctiondistribution.Thesearecomparedwiththe
theoreticalprofilesfornomasstransferandforthesuctionrateused
in thisrun. Thetwoupperprofilessreinfair~eement witheach
otherandareslightlysteeperthanthetheoreticalprofile.Thethird
profilewasmeasuredata pointfurtherdownstreamandprobablyappLLes
to thestartofthetransitionto turbulentflow.Theseprofilesindi-
catethattheheattransfercoefficientis slightlyhigherthanthe
theoreticalvalue.

Thetemperatureprofilemeasurementsgiveprofilesthatsregenerally .
steeperthanthetheoreticalprofiles,withthegreatestdeviationfrom
theoryoccurringinblowingrunsandtheleastdeviationoccurringin .
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suctionruns. Theseresultswillbe discussedmorefullyfollowingthe
sectioncoveringdirectheattransfermeasurements.

Turbulentregime.- lhfigures18smd21thedimensionlesstempera-
TO-T

t~e ~H = T isplottedasa functionof thedimensionlessdis-
0 - T1

tsnceratioy/~ forcaseswheretheboundaryhyer wasturbulent.
Eachcurverepresentsdataobtainedatseveraldifferenttraversing
stationsandconseqmntlyrepresentsa widevariationindownstream
distance.Figure21 showsdataobtainedin a rynwithnomasstransfer
at U1 = 16.2fps. Figure18(a)showsdataobtainedwithblowingat
CO~taUt ~ = 1.23 ~d U1 = 19.6fps,andfigure18(b)presentsdata
obtainedwitha constantblowingvelocityV. = 0.04fpS snd U1 = 20fpS.
tithelattertwofigures,thedataarecompareddirectlytithcorre-
spondingvelocityprofiles.Whenplottedinthiswsy,theprofiles
fora givenrunareallfoundtobe shilarexceptintheregionvery
ne= thewall.

Thedegreeofsimilarityoftheprofilesisbest3ntherunswith
nomasstransferorwithblowingatconstant~. Althoughthepreci-
sionof theexperimentaldatadoesnotpermita definiteconclusion,
it appearsthat,intherunwithconstantblowingvelocity,thereis a
slightchangein theshapesofthetemperatureandvelocityprofiles
withdistancefromtheleadingedge,possiblybecauseof thechangein
thevalueof ~.

Theturbulentprofileswereexaminedon logarithmiccoordinatesto
investigatetheirtendencyto followa power-lawdistribution.The
resultingplotscouldbe fittedby a straightline,althoughthescatter
ofthedatawassuchthatthereisno assurancethattheprofiles
actuallyshouldgivea straightline. Zaspectionofthedatashowsthat
thepointsmightbebetterfittedby a ldmewithsomeupwardcurvature,
buttheprecisionofthedatawasnotgoodenoughto justifytryingto
fitsucha curvetotheresults.Thevelocityprofilewithno mass
transfer(fig.17, U1 = 25.8fps)hada slopeof 0.214andthe%mpera-
tureprofilewithnomasstransfer(fig.21, U1 = 16.2fps)hada slope
of0.19whenplottedon logarithmiccoordinates.Theprofilesmadewith
blowingatconstant~ (fig.18(a))hada slopeof 0.265andthepro-
filesmadewitha constantblowingvelocityof0.04fps(~ = 0.55to
0.85)hada meanslopeofo.=. Theseslopesarevalidforvaluesof
y/~ or y/~ greaterthanabout0.1. Theresultsindicatethatan
increaseintheblowingrateincreasedtheslopeoftheturbulentpro-
fileswhenplottedon logarithmiccoordinates.

Thecomparisonofprofilesforsimilaritywastie by maki~ the
distancefromthewalldbensionlessby dividingthedistanceby the
momentumor enthalpythiclmess.However,iftheprofilesaresimilar
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whenbasedonthismeasureofboundsry-layerthiclmess,it canbe shown
thattheywillbe similarwhencomparedonthebasisofthegg-percent-
polntthicknessand
lswis applicable.

wi~ havethesamepower-lawexponentif a power .

HeatTransferCoefficients

Iaminarregime.-Theresultsofdirectmeasurementsofheattransfer
coefficientsarepresentedinfigures13(a)to 13(,f).FQure 13(a)shows
resultsforallrunswithnopasstransfer.ThedatafortheIsminar
regimefortheserunsshowthatthemeasuredcoe.fficient6aregeneralQ
infairagreementwithboundary-layertheorybuttendtobe high. This
is inagreementwiththefindingthatthetemperatureprofilesare
steeperthanthetheoreticalprofiles.Thisdeviationfromtheoryis
b’elievedtobe duetothenatureofthetestwallusedfortheseexperi- .—
mentsandwillbe discussedmorefullylater.

Figure13(b)showsresultsforrunswithblowingata constant
valueof ~ (inversesquare-rootdistributionforthelsminarregime).
Becausethestabilityoftheboundarylsyerisdecreasedby blowingand
transitionoccursat a lowerlengthReynoldsnuniber,allofthelsminar .
dataforblowinghadtobe measuredinthefrontcompartmentsofthe
tunnel.Thesecompartmentshadfewer”thermocouplesandthewalltemper-
turemeasurementswerelessprecise.h addition,errorsduetoheat --
losseswereimportantbecauseofthelowabsolutevaluesof thecoeffi-
cients.Consequently,theprecisionofthesemeasurementswaspoor.The
dataindicatethat,generally,themeasuredcoefficientsaresubstantially
higherthsnthevaluespredictedbybound~-lsyertheory,althoughthis
isnottruein all.cases.Someofthemeasurementsareinfairagreement

—

withtheory.Thefactthatthemeasurementssregeneraldyhighisin
agreementwiththepreviousobservationthatthethermalboundaryQfer
as indicatedby thetemperatureprofileisnotthickenedto theextent
predictedbytheory.

Figure13(c)showstheresultsforrunswitha constantblowing
velocity.No theoreticalcalculationswereavailableforthecaseof
heattransferwithuniformblowingin laminarflow,so an approximate
curve,indicatingpredictedvalues,wasdeterminedby calculatingthe
valueof % atthepointin questionandthenusingthecorrection
factoreH correspondingto thatvalueof ~ aspredictedby lsminar-
boundary-lsyertheoryfora l/fi blowinglldistribut:on.Theagreement
betweenthemessuredcoefficientsandthe predictedvalues is fair,
althoughtheprecisionofthemeasuredwalues is poor.

Theresultsof runswithsuctionwithaninversesquare-root~s- ~
tri.butionarepresentedinfigure13(e).Thedata?xrein fairsgreement
withbound~-layertheorybuttendtobe high,againin agreementwith

,
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themasuredtemperatureprofiles.Figure13(f)showsrunswithuniform
suetionvelocity.These“dataarealsoseentobe somewhathighatlow
suctionrates;butathighsuctionratestheagreementwiththeoryis
good,altho@ individualpointsscatterti.dely.Thiswasdueto the
factthatinrunswithhighsucffonratesnonuniformityofheatingof
thescreenc’ausedthereadingsofthewallthermocouplesto scatter,
resultinginpoorprecisionof theheattransfermeasurements.

Turbulentre@me.-Figure13(a)presentsresultsof runswithno
masstransfer.Theexperimentalpointsintheturbulentregionare
comparedwiththepredictionsoftheChilton-Colburnempirical.relation

& #/3

()
= 0.0288

Ulplcp k (Rx)002

Thisrelationisseentobe in goodagreementwiththeexperimentaldata.

Experimentaldataforrunswithblowingor suctionarepresentedin
figures13(b)to 13(f).b all.casesexceptrunH-~a of figure13(d),
theexperimentalpointsarecomparedwiththepredictionsoffi~ theory,
usingtheChilton-Colburnrelationtopredictb.

W addition,figure22 comparesfilmtheoryandexperimenton the
basisofthecorrectionfactoreH = h/h* plottedas a fuuctionofthe
ratefactor~ = voP@%. fieverycase,whentheflowhasbecome
fullyturbulenttheexperimental.data,despitethescatter,appearto
be inagreementwithfilmtheoryprovidedthatthemasstransferdis-
tributionupstreamof thepointswherethemeasurementsweretakenwas
reasonablyconstant.Thisisthecasein allrunswithconstantsuction
velocityandallrumswitha constantvalueof ~ intheturbulent
region(v.= l/x0=2).ti runswheretherewassomeothermasstransfer
distribution,theexperimentalresultsdifferfromfilmtheory.This
canbe seeninfigure13(b),runH-10,andfiguye13(e),runsH-13and
H-15. Ihtheserunsaninversesquare-rootdistributionwasused
throughouttheentiretunnel,includingtheturbulentregion.b these
,casesthemasstransferrateupstreamof a givenpointwashigherthan
itwouldhavebeenif therehadbeena constantvelocityequalto the
localvelocityatthegivenpoint.As a result,theboundaryleyerin
theblowingrunwasthickerthanitwouldhavebeenwithUniformblowing,
andthemeasuredcoefficientwaslowerthanthepredictionof film
theory.Sirdlsrly,inthesuctionrunsthebound- layerwasthinner
thanitwouldhavebeenwithuniformsuction,resultingin coefficients
higherthanthevaluespredictedbyfilmtheory.inrunH-1.2,inwhich
suctionthroughcompartmentG wasinadvertentlyomitted,thecoefficients
downstreamofthispointwerealllowerthanthepredictedvaluesbased

.
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on localsuctionrates.Thisindicatesthattheboundary-layerthiclmess
downstreamof compartmentG wasgreaterthanitwouldhavebeenifthat
compartmenthadhadnormalsuction.

Itwaspointedoutearlierthatsimplefilmtheorymakesno ali.dw-
anceforthe’effectofvariationsoffilmthiclmess.Apparentlythis
isnota seriousdefectifthemasstransferdistributionisreasonably
constsmt,butsomeallowanceshouldbe msiieforfilmthicknessifthere
is anunusualmasstransferdistributionupstream
the calculationist-obe made. Thedataforthe
theturbulentregimeereinbetteragreematwith
equation(26)

e .@=
@()exp--l
&

isusedand A/& istakentobe eqpalto Yo/vo

ofthepointatwhich
l/fi distributionin
filmtheoryif

where V. isthe
lengthmeanmasstransfervelocity.Itispossiblethatsomecorrection
ofthistypewillbe foundsuitable,butthepreferredformcannotbe
definedatthistime.Thelimiteddatapresentedherearesufficient
to showthedesirabilityof anal.lowsnceofthissortbutarenot con-
sideredadeqmteto-showhowmuchthiscorrectionshouldbe.

Theblowingrunsweremadeundertwodifferentconditionsofheating.
Runsdenotedby theletter“a”weremadewithsirata uniformtempera-
tureblownintoeachcompartment.Therewasno additionalheatsupplied
to thetestwall;thewallwasallowedto reachan equilibriumtempera-
ture. lhrunsdenotedby theletter“b”additionalheatwassupplied
to thetestwallsothatitreacheda uniformtemperatureequalto that
ofthegasbeingblownthroughthecompartment.Therewasnonoticeable
differencebetweentheheattransfercoefficientsdeterminedinthetwo
caseswhenconditionsotherwisewerethesame. Inconstsnt-gas-
temperatureruns,a wallvelocityproportionalto l/xO~2resultedin
a constantwalltemperature.

Figure13(d)presentstheresultsof runE-27a.Thisrunwasmade
witha constantblowlngvelocityof 0.1.2fpsandwitha uniformblowing
gastemperature.Themain-streamvelocitywasabout60 fpsatthe
leadingedgeandaccelerateduniformlyto about70 fpsattheendof
thetunnel.ThisrunwasthereforeidenticalwithrunH-20aexceptfor
theadditionof accelerationofthemainstream.Theexperimentalpoints
arecomparedwithvaluesobtainedatthesamecompartmentsinrunH-20a
afteradjustingthesevaluesfortheReynoldsnmiber effect dueto small
differencesinmain-streamvelocity.Theexperimentalresultsarealso

.
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tabulatedintableVII. Themeasure~ntofNer nuniberinthisrun
wasquiterough.Thiswasanexplorato~testandtheresultsshould
notbe consideredconclusive.Thereis a qutitativeindicationthat
atEulernumberssignificantlydifferentfromzeroaccelerationof the
mainstreamincreasestheheattransfercoefficientby sm amountsub-
stantiallygreaterthsntheincreasepredictedsolelyonthebasisof
theincreasedReynoldsnuniber.Thisis a crudemethodofpredicting
thetransfercoefficientandmorerefinedtechniquesmightresultin
betteragreement.

TheReynolds

TransitionReynoldsNumber

numberatwhichtransitiontoturbulentflowoccurred
isplottedasa functionof thedimensionlessmasstransfervelocityat
thetransitionpoint vo/ul in figure23. Thesetransitionpointswere
notmeasureddirectlybutwereestkted fromplotsof frictionfactor
and/orheattransfercoefficientsas a functionof lengthReynoldsnum-
ber. Theplotcanbe usedonlyto exhibittrends.Qualitatively,it
isevidentthatmasstransferhasa significanteffectonthetransition
to turbulence.1%agreementwiththeoryitwasfoundthatsuction
delaystheonsetof turbulencewhileblowinghastensitsoccurrence.

BehaviorofPorousWaU

Theexperimentalresultsdeviatein a numiberofrespectsfromwhat
mightbe expectedon thebasisofpretiousexperimentalandtheoretical
work. Withnomassflow,trsasitionto turbulencein thetunneloccurred
ata Reynoldsnuniberof approximately1.5X ld, anunusuallylowvalue.
Measuredturbulentfrictionfactorsweregenerallyhigherthanthevalues
thatwouldbe predictedby theusualequation

cf*= 0.0296
T

(Rx)0”2

andtheexperinentaldymeasuredeffectofReynoldsnumberwasa function
ofthemain-streamvelocity.Turbulentvelocityprofiles,although

()~ 1/7 butgenerallyexhibiteda largerexpo-similar,didnotvaryas ~

nent. Laminartemperatureprofileswereusuallysteeperthantheoretical
profiles.

Theseandsimilareffectsmightresultfromoneormoreofthe
fo~owingfactors:Errorinmeasurement,highover-all.turbulencelevel
inthetunnel,roughnessoftheporoussurface,andvibrationofthe
poroustestwall.
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Althoughmess.~.ementerror.cauexplah.moderatedeviationsinthe
data,itdoesnotaccountfora ntier ofsignificanteffects. .

Theturbulencelevelofthetunnelwasmeasuredby mesmsof a hot-
wiretechnique.Theturbulenceintensityofthemainstreamwas

—

approxima~el.y0.3percent.A levelof thismagnitudecannotexplain
theeffectsnoted.

Itappearsprobablethattheporoussurface,althoughsuperficially
smooth,is aero@mmicallyrough.A roughsurfacecouldaccountfor
msmyoftheover-alleffectsnotedbutdoesnotseemtobe thecomplete
explanation.Forexagple,intheabsenceofhthereffects,a rough
sufacewouldnotbe expectedto resultina frictioncoefficientwhich
variedwithvelocityina mannerwhichwasnotdirectlyrelatedtothe
variationinReynoldsnumiber.

StudyofthetestwallunderoperatingConditionsdisclosedthe
presenceofanoscillationofthewallthatappearedtobe directly
relatedtovibrationsintheblowerwhichsuppliedthemain-stream
air. Theseoscillationswereofverysmallamplitudein thevertical
plme andexhibitedmaximumsmp~tudeata @.n-streamvelocftyof
about26 fps. Unfortunately,thevibrationwasnotisolateduntillate

.

intheprogramwhenitbecameapparentthatananomalouseffectwas
influencingtheresults.Subsequenttirkhasshownthatthescreen .
oscillationcanbe eliminated,butthiswasnotdoneinthework
reportedhere. Itisbe~evedthatthescreenoscillationsignificantly
affectedthedataobtainedat26 fps butwasof secondary Q?ortance at.
othervelocities. ---

SUMMARYOFRESULTS

Theeffectontheboundarylayerofblowingor suckingairthrough
a porousflatplateintooroutof a mainairstresmflowingparallelto
theplatewasstudiedtheoreticallyandexperimentally.Theoryand
experimentshowedqutitativeagreementin allcases.Suctiondecreased
theboundary-layerthickmess,increasedthemagnitudeofthefriction
andheattransfercoefficients,md delayedthetransitionfromlsminsr
toturbulentflow.Blowingincreasedtheboundq-layerthickness,
decreasedthemagnitudeofthefrictionandheattransfercoefficients,
andhastenedthetransitionfromlaminarto turbulentflow.

~ thebminarregimethepredictionsofboundary-@ertheo~were
notalwsysin quantitativeagreementwithexperiment.Thelargest
deviationswere observedwhenblowingoccurred.Thediscrepancies

.

appearedtobe duetotest-wallroughnessand--vibration.
.
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An adequatetheoretical.treatmentoftheturbulentboundarylsyer
isnotavailable.A simp~fiedapproximatemethodof analysistermed
~’filmtheory”wasusedinthiswork. Withintheaccuracyoftheexperi-
mentaldata,filmtheorypredictedtheexperimentallyo’bsenedeffectof
masstransferontheturbulentfrictionandheattransfercoefficients
whenthemasstrsasferratewasindependentof x (theaxialdistance
fromthelesdingedgeoftheplate)orvariedas l/xo“2. Whenthemass
trsnsferratevariedmorerapidlywith x, simplefihntheoryshowed
greaterdeparturesfromexperiment.Theaccuracyoftheexperimentally
measuredcoefficients,particularlyofthefrictioncoefficients,did
notprovidea conclusiveconfirmationof thepredictionsof filmthe”ory.
Filmtheoryappearstobe thebestpredictiontechniquenowavailable,
butfurtherworkg led to a morerealisticmethod.

Wasuredturbulentvelocityandtemperatureboundary-lsyerprofiles
w~e foundtobe similarwhenthemasstransferratewasindependentof
distancefromtheleadingedgeof theplateorvariedas l/x0”2.The
similaritywasobservedwhenthedimensionlessvelocityu/ul waE
plottedversusthedimensionlessdistancey/flandthedimensionless

TO-T. temperature wasplottedversusthedimensionlessdistancey/~,
To - T1

where u denotesthe x co~onentofthelocalvelocity;u1,themain-
. stresmvelocity;y, thenormaldistancefromtheplate;S, themomentum

thickness;T, thelocal.temperature;To,thewalltemperatureat y = O;
Tl,themain-streamtemperature;and g,theenthalpythickness.The
relationshipbetweenthedimensionlessprofilepamneterandthedimen-
sionlessdistmcepsrametercouldbe fittedreasonablywellby a straight
llneon logarithmiccoordinates.Theslopeof thislinewasa function
ofthemasstransferrate,increasingwithan increaseinblowingrate.

~ssachusettsbstituteofTechnolo~,
Csaibridge,Mass.,Februa~4, 1953.

.
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TABLEII.-TJ3KRETICALVALUESOF ~(q)CALC~FROM
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.
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TMLE VI.-mMMARYoFmAmRmmmoPw mAmFERcommcmm!6

ANDTEMPERATUREPRCWLE9

Run Ul,fps~~ hjected Add mass tknsfer ~, in,

tier
fluia dlstrfhrtion I %

H-1

H-2

H-3

%4

E-5

1-6

Nme

None

None

mne

Air

Air

Air

Air

No trsm.sfer
Range ofdirect
maaurements

Mee.eln-smente
of profiles

No trmfer
Rsnge of direct
?mes~nts

Meaeurerents
of profilea

lbtrenefer
Rengeof direct
zu2.9suremente

No transfer
Rmge of tirect
lmaewwIk3nts

BlowlngwithCO-
Std f&=0.63
RsageofMrect
mee.eure?JEnts

Mesmremnte
Of prOfihB

Blcwbg with mn-
Eitant& . 0.63
Rangeofdirect
lwe.eumnEnte

Meseurenent
ofprofile

B1.winfjwith COIl-
Ste.nt~ = 0.60
Renge of direct
reeeurenmnts

BbwirwwithCOZl-
Stent ~ = 1.2
Rangeofdirect
Messuxements

M3emrements
of profiles

3.4
97.0
6.5-
2L8
z:;
70.4
96.0

10.8
97.0

3.4
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1.2
I.11..g
6.5
;:!
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3.4
IJ.1.g
46.5-

6.6
97.1

6.6
Ill.9
k6.5
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1~,~
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145,1cm
1,3cn,5CQ
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14,720
50,650
107,8CQ
158,2m
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974,000
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2,92k>01X
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TABLEVT.-~Y OF~ CIFHEAT!lRAE8FERCOEWICIENTR
ANDmMPEmluREmomrzs-Continued

Run Ul> mag&$ hjectedAxialmasstransfer ~, ~-
fluid Rx

v~ (local),
mmber distribution fps g,in.

E-9 60.9 0 Air Blcming with con-
stant & = 1.2
Rangeofdirect 10.9 324,OIXI0.2s240
meaauren.ents 70.62,109,OOO.J-393

E-1o 5.30 0 Air Blowingwith
To=l/@~ =1.2;
h 1.8Ulinerregion

Rangeofdirect 2.8 7,m .0302
meaeLWelEIlts IU.6 289,Om .0047
Measurements 6.0 15,600 -w o.&6
of profiles 10.7 26,500 .ol~ .063

K-u 4.8 0 Air Suctionwithcon-
Stent & = -1.2

Rangeofdirect 2.8 6,600-.272
meaauremnts 11.1..7263,400-.0047
Meaeuremente 6.0 1.4,200-.205 .o=
ofprofiles 51,800 -.107

4?::
.057

u2,600
83.2 -.W3 .126

G12 19.8
195,200

0 -.0055Air Suctiontithcon-
Bt81rt. ~ = -1.2
Rangeofdirect q,mo

8;:;
-.0587

measurements 810,000-.WO
Meaewements . 6.1 58,&Q -.ckol .0060
ofprofiles 10.? lm, Ooo -.0307 .owl

2U,6CX3o .019
$:? 371,em -;0391 .0Z8
X.4 570,100
83.3

-.0591 .Ozq’
81_o.000-.0550 .028

K-1360.> 0 Air suctionwith
V.=l/G,
&&:.::@tim
Range ofdirect 2.8 82,600~;;$$
meaeurenents 1.D.63,315,W0

L14 20.2 0 Air m ction tith con-
stant ~ = -3.5
Range of direct 2.8 q,8m -.1717
measurements w.6 1,l15,0al-.02@
Meeetiements 10.7 1o2,300-.om .old
ofprofiles X.4 581,300-.0393 .015

1-1559.7 0 Air Suctiontith
~::;~ ~
Mninarregion
Rangeofdirect 2.8 81,803-.3U32
meaauremnts In.6 3,2&,Cm -.W

. . .

%nifonu wall temperature.
-..
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TABLEvl.-2uM4AmcFmmJRmmm oFBEATmAR8FmccmFIcmm!H

ANDmWEWWOl PRLTILE3- Cbntf=d

.

I

Axial
Run Ul,fm Bulcr h$ected hid messtrcnsfer x, in. % Vo (local),

mlmber fluid distribution fps g,in.

bH-16a 5.0 0 Air BlmdnE withcon-
Btmt V. = 0.01
Ren@ of direct 2.8 6,7xI O.ol.a
meaclu-emnts 82.F 2CQ,-fOo .0039

b
H-17a 20.0 0 e Blowingwithcon-

Stcnt V. = O.a
Rengeof direct 27,300 .Om
mecmrementi

&:. l,~,ow .0402

169a9umments 6.1 59,1~ .&d 0.013
of profiles 1CF3,m .0369 .~o

::; a6,2m. .0393
38.1 373,600 .0395 .170
*.4 572,300 .0389
83.3 8U,200 .0394 ;;

aH-l~ 1.8.8 0 m BlminswithC~-
StcutV.= 0.04
Rengeofdirect 2.8 “ 2.P,6CQ.0392
Dmalremedc U. 6 l,c@,oCx3 .03fJ9

bH-Ma 59,8 0 hir B- tithCOIl-
Stent V. - O.d+
R8ngeof direct 6.1 179,3m .03
Easw@mntJ3 I.U.6 3,a~>m 3.039

%3-198 lg.9 0 hir Blowinswithcon-
Btent V. - 0.I.2
Ranseof direct 1o.3 I.cn,yXl .u98
Imas-tc u.6 l,Qo,~ .U90

%19b w.8 o hir BlovinswithCm
Stcnt V. - 0.12
Ran& of direct 10.3 KX3,m .-
measurements UL6 I,087,0w .U3

Mccsurclrelrtc 27,6M .=7
of profilm “

&
lm,m ago

23.4 &>.&a X&83.3 807,600
bH.m 60.7 0 hir Blowinswithcon-

stant V. = 0.12
Reugeof.direct 2.8 &,m .1200
mmsmr-ts u.6 3,319,0W .W

%-2ob 60.0 0 Air Blo%5ngwithcon-
StentV. - O.lz
Rangeof direct 2.8 83,@I .m
In3csllrememti UJ.6 3,285@Q .I.zQ2

MeeE-tc 29.4 %5,9cm .-
Of profiles 83;3 “2,441,023.1201

%-21E 39.8 0 Air B1OWIIWwithcon-
stant

?
- 0.91)

V. (man = 0.12
Rangeofdirect 83,9cn3 .2034
imamuwmnts 92; 2,857,000.1oo2
b=ureimnta. 6.I .17i6
of pr0file8

&9:
.-

::: 1,408,603.U53
. 2,4w,~ .1033

.

.

%JniformVCIJ.temperature.
%foti blowingges~erature.
Wniformblowinggastenmera+mretithmatstrencferdistributionaetto giveuuiform

welltemperature.
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.

.

.

.

Run

H-22

H-23

H-24

H-5

H-26

‘H-2Ta

TABLEVI.-SUMMARYOF~OFE3ATTMNSFER COEFFICIENTS

ANDTEMP~E PROFIIW-Concluded

q> fw

4.9

b.8

19.3

19.6

60.0

6oti70

Axial masstrsmfer
distribution

Suctiontithcon-
stant V. = -0.01
Rangeofdirect
msmmments

I&aaurements
of profiles

Suctionwithcon-
stant v~ = -o.CA
Rangeof direct
maaurenents

k9sureIwnts
of profiles

suctionWithcon-
stant V. = -0.04
Rangeof direct
measurements

Suctionwithcon-
stant V. = -o.12
Rangeof direct
measurements

Measurement
of profile

Suctionwithcon-
stant Vo = -0.12
Rangeof direct
meamlrements

Measurements
of profiles

BlowingwithCO)l-
Stant Vo = 0.L2
Rangeof direct
measurements

Measurements
of profiles

x, in.

2.8
W.7

6.0
21.4
46.1

“2.8
111.7

6.0
21.4
83.2

2.8
u.6

6.0
70.0

46.2

2.8
70.1

2.8
96.8

29.4
83.4

RX

6,70c
269,@c

lk,~cx
53,00C
lJ.5,20C

6,50c
261,70C

14,mc
51,5cc
193,90C

26,400
.,(%2,m

~8,30c
677,40c

461,8w

82,4cx
!,076,000

653,20C
.,4U2,00C

83,900
‘,265,000

897,m
!,736,0(xI

V. (local),
fps

-0.01C4
-.0100

-.U7
-.Ol(xl
---

-.0394
-.0367

-.0396
-.0354
-.0390

-.0381
-.0391

-.llg-(
-.wq

-.1208
-.1197

.1200

.1206

.1196

.IZ04

,, in.

).023
.062
.IJ_8

.024

.033

.066

.015

.157

.394

%niformblowinggastemperature.
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*-

....__.—
.

—.

A 503
B 2,*
c
D $Z
E 23,430
r
0 ??%
E
1 $:%
J
K 12-fko
L. 152,8m
M LM,&m
m 2m,om
0 242,5W

@trlbutfcaor -
taQtWau .,

T23.0 15.03
22.9 ::!
23.7
25.4 1.89
2$: 1.47

l.m
22.9 1.C%?
23.9 .88
*.2
24.6

.70

:$
2:;
*.7
a.1 ~
22.7

o

:

:
0
0
0
0
0
0
0
0
0
0 1U.m

a.~1
4.39
2.64 ?%
1.83 4.%
1.47 3.&
l.m
l:J& ;:?$

3.L3
.78 2.90
.70
.63

:$

; :2
2.52

0

:

:
0
0
0
0
0
0
0
0
0
0

8.7L

p$
3:&

;%

2:98
2.
2.
2.i!
2.52
2.%
2.*

K
L
M
u
o

l%%
45,050
88,1m
L45,100
216,9co
3c5,0m
402,&xl
&;j::

790:CC0
S4r,m

1,U9,W3
1,P3,5.W
Lw, ~

16.65($$) 5.59
3.37

24:4 2.41
m.6 lea
S.O 1.*

g:?

o
0
0
0
0
0

:
0
0
0
0

0
0
0
0
0

:
0
0
0
0

23.6 1 1 k:;
4.IJI
3.%
3.83
3.72
3.Q

23.1
22.8
22.>
=.7
23.2

M
H
o

0
0
0

nun2-4:w d strew Velodty,58.8fps;_ratura,V F,PZWSW, 30.1in.W, distributicmoftir
flwJ.n2tti I@ pm well,no=s tmnmfar;prow-welltz9qeratumUfst,rlbutkn,mnatutwall

k%
3XE

ii%;:
632,&w
%7,730

1,4,030
l,3@>’ml
1,W1,C02
2,039,CCKI
2~12,wm
2,03?,033
5,232,CKU

-
o
0
0
0
0
0
0
0
0
0

:
0
0

a..%
8.28
4.59
3.n
2.?8

0
0
0
0
0
0
0
0
0

:
0
0
0
0

~:ij
n:17
IQ.*
8.37
a.bo
8.73
10.99
7.f31
6.59
7.59
10.44
E2.m

,..

4

0

.—

.
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.

F31vus-nal.l+=lsaraturi‘iiSiribution,Cmtalltm

0.62
.63
.62
.61
.61
.63
.&?
1.11
1.*
L* L

i.m 3.s
1.33 2.M
.a l.n
.* l.m
.45 1.40
.% l-m
.23 1.21
.Ii ~v
.02 1.03
.Cu L.*

Lca
.97
.93
.91
.09

L>l
1.52

yj

1.1o
1.OL

.90

.80

.75

‘$:65
.63

8.13
1.22

:%
.5!2
.31
.30
.35

3

:%

:$

11
I
J
K
L
M
n
o

A
B
c
D
?,
F
o
Ii

:
K
L
M
n
o

.

.

n—wall -labia dfst.riimtian,Canstautm

0.60
..m
:2
.60
.ea
.60
.57
.60
.60
.&l
.64
.63

:%

I&a
L4.*
~.v
8.87

;:;

k:
5.%
5.73
5.55
5.35
5J9
5.*

g.zu
12.*
L9.w
lL.2q
U.19
8.91
7.31
?.L3

~$

5.67
6.LL
6.15
lo.%5

&%g>
199,m

!ij%J
1,159,033
l,L*,IIX
U7W,00J
2,L%,om
2,5fi,cm3
2,92k,W0
3,376*’WI

*.96
8.58

0.60
.6L

E
I
J
K
L
n
n
o

22.0
20.8
22A
22.8
ti.o -

,2in.Egj [Btributionof& fLwln2 thrw2b

germs-mll ~tire Mstrihlticn.-tit VdJ.

1.22
I.@
l.zf
Z.&
3.39

‘:g
1.V
1.22
1.22
1.22
1.22
1.23
1.25
1.23
1.23
LA
l.’a
1.=

$::
2.55
2.s

53.W
3.I.8
3.45

3:2
2.60
~w
L&
1.8L
1.W

:&
1.9’7

iti

Lm
%7’=
32,300
63,KCI
Lc4,cco
V5,WJ
2-&#

W%
*>mo
679,cm
eo3,Dm
932,KU
lq,600

2.11

M
1.’I6
1.66
1.62
1.!%
Lx
1.45
L40

G
E 2j.1

26.4
27.8
2a.3
25.6
26.2

I
J
K
L
x
n
o.

.

aul
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TABL2vm.—~NlDDn2mIx NumF=D=w T2uEw2R032mmmm - Cantfm.ld

(a)Wr number,O - CaMnued

.

.

.
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TABI,3KII.-l!mRsl’IcALAFDtmm??121m4wBm mm mmwm ComPnmm - conticil

(a)nJhr rider, o—c9xtlm2e4
.

.

Ipmxs.vdl tmratlu-eMS&hutlOn,‘C&it8ntH’811 ‘
U,m
&,&a
rrwJoo
z,%
@t,soo
m.5,7~

1,W,2QJ
1,415,603
1,733,W3
Z,csl,crxl
2,1462,03J
Gm?ow
3*33.5,W

9.9
8.7

k.@i
s.%
3.&
2.91
2.%

-l-u ago
-1.= IJ”cm
-1=9 7.69
-1..m
-L2Q Ni L19.55 4.90

lb.% -.%6
lz.37 -.ko
~.u -.31
I.&a -.&
9.56 -.=
9.02 -.25
8.57 -.21
8.19 -.23
7.87 -.ls
7.% -.~
?.33 -.17

X
-.16
..16 A38A5

%?
IL33
12.31
1.O.4
10.J
1.2.22
u.%
yg

8:98
g.ti
7.6$

I.o.lo

RunElk Mdm airBtm8X: Velocity,=.2 *; xdmre, 74.40r;pmamre,X.5 in.@ diatrfbutl.mofairfl.c!w@ I

i

c
D
E

27M0
&l,loo
la?,m
*,2Y30
21g,4m
234,2CU

?JwJ
J593,1w
8Q6,400
96s,lcm

I,w,m

2Q.1
ti.6
23.7

3.a
2.18
1.68
1.36
1.14
.99

:3
.70
..S
.5s

:R

-3.41
-3J49
-3A-9
;;.g

-3:58
-3.55
-3.%
-3.57
-3.56

:;:2
-3.58

20.2
W.o
2Q.3
lg.a
20.4
21.9
2?.0
21.6
21.3
20.7

.

.

L
M
R
o

mm 2-15:Maine s~ Velceitiv, 59.7 fps; taamratara,W.P ?; premme, Z9.8im.533distribution&

m,eco
1*,003
3Q2,6W
h60,4ciJ
&s,?w
*>WJ

1,1.KI,6CJ0
1,402,4W
l,7U,m
2,c62,m
2,k39,w6
2S5,W
3,2Ek,wo

G
x
I
J
K
L
M
E
o

m, 50.2 h. mj aiswwticm of Clr
ala v& - 0.002;~-w
tawer~ 2+.-f&==+

L?.4
17.0
18.7

$::
I@
13.h

$:;
16.2
ti.1

m, UOnskt-nlcn?lng&

I0.41 Lti
.% .66
.*
.93
1.C9 :2
1.- .09

1.CQ

c
D
B

L&?
1.1o
.%

:%
.50

l:J.J
A2

:Z
.48
g

g

?

11.31 0.48
l.a .51
l.la .%
1.X?
1.Q9 :Z
1.* #
1.o1
.98
.95 :%

%-@w.ti.0?Syml!dS:&, Bwwlda I@mbuI-of mealstmemj‘ILd T1,w ad mill-s-a= t.ewarat.ul=,.Bwoti.h-> ‘%b

.

.
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T#m2m.- ~u m lmm7rLYlwma2nm4TmAEFER~-2armrud

(.1 MlOrmrka,O- Cantimmcl

.

.

bh,axp-w “—d but trmlofar*mcbnt, 2t4/(til(.qf?)(%). .
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TmIE vll.- Tmx21!n3.L m Dm2TTtKmwJmomxr9mE2?mmIcIwm-tittmeQ
(a)BU4r mdm-, O - Ccatlnwi

.

. b h, ~tav ~ heattifer ccaffiofent,Btd(k)(.qft.)(’+).
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.

. .w m.. mK2mIcAL Am~LYmAwP.2D H mJ.mFm (mmFIcmm - continued

(a)Edernumber,O . Ccndn&cl

Run2-23:w airntmw VeLmltJ,4.8fw;tqerature,~8.4°:
g- Udl.,COiwtmtaucti.mVelocduVIthTo-.O.rk* Md rJ\

premure,29.9in.22}distributionofairflOuingtbrmgh
- -&m; F_*-wall teqwatum 6i0t@tuti0n,Octlutautw-u

3.39
3.17 w
2.97
2.82 ;:3
2.51 2.47
2.36 2.*
2.*
2.63

3.ca
2.33

2.54
2.60

3.72

2.6
1?

:;:
e.8
2.40 2.C43

c
D
E

6,x0 17.7
14,Lm
2%
Sl,ym

fi
@,om
89,1m 16:8
IIL,ea 18.3
l&C& 17.5

17.9
193:9w 17.9226,’fw 17.7
W,m 17.9

1.56
1.06
.82

$
.38
:$
.e
.27
.*

-1.61
-2.58
-3.10
-3.eo
4.6
4.90
->.&
-6.66
-y&

-8.66
-9.L?
-9.49

F

:
I
J
K
L
M

RunB-a: m * atrmm Veloci&,19.3
SlOrcnm-, Ccnme!ltmctfcmVelmitylath

T

; premlra
--oJX@
10.4
.?:
3.Q
3.35
1.12
3.03
2.93T 12.87-O.*

-●n
-1.IA
-1.50
-:.85

-2.57
-2.90

3.61
3.43
3.28

?2
2.9$
2.85
2.77

-0.6877
-.7L92
-.m 2

X&

G735
-.W7

it%
4.6a
4.5
?

;:3?
4.27
4.20

.
----

K g,% 2?2.1

: ‘k %?‘@a,
1! 9X?,9ca 93.5
0 1,061,830 *.O

o 2.S,90J 9.5 3.18
D

-2.h2 9.57 1.64
58,2341 8.9 2.L6

E
-3.53

99,1m Lo.1
lsi.35

1..66 -4.63
F

kg
8.3

8.32
1.34 +.a

o
S.lo 8.!.1

%% 8.1 1.33
E

-624
Legjlw .98 ::3

6,6
9.1

3:2
7.61

8.9
; %E

.86
;E X

u.
1o.3 .77

K
4.O.OL

363,- 8.2
L

.’fo -U.c+i
677,403 .63

7..9 Lo.&
-U.*

M 800,803
7.70

N .58 -T.a k.kl (1:X)

ELM2-24:minairntraamvelmi~,63.0fpq_ratum, V.* FIPmme, 29.9In.~ titrihatianofatr?lmlngthru@
pormawtll,comtmtsuctiantiity withVO--0.12?FBd +,1 --0.~;~.vail ~ratum distrltatfoia,camtantwall

11.1

c 82,~o
D lW,m

: GZ:E
o 653,2Q
H W,w
r l,la,m
J l,412,0w
E 1,W,W3
L 2,076,W0

am~mof~: &24m14S~0f&ntim=i~ d q?wa+~i m, qctirdy, %; ~
m4 L. battramforowffici.ektsforUadnard tmbulnntflaw,resmativew.WithMln-stmm aordithlnor~rfmcnt, m ?Lou

lam
22.23
IA.lo
=.76
16.~1
V.m22.33
%L4

IJ..2
1.2.8
1.O.3
9.8
9.4
9.9
9.s
::;
9.0

-1.35’ U.m
-1.96 9.03
-2.63 9.35

-.s4
-.97
-1.o1

lbm
9.9-r

reqectfmly,2ti/(hr)(cq?’)(%)3hp. ~ rati?Mtcr,
+ “n’% “ =$= ~’ ‘i~t ‘- ‘=-’

%J% 3>&+

bh,e~rimntally imamrd bat tranafercoefficient,Bw(hr)(BqN)(%).
%flee mlmWa63negli21blaflowthin@a~t O.

.

.
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TABLEVII.- TEWRXTICALANDDIRECTLYMEASOMD13EliT!lZWSF71RCOEETICHS - Concluded

(b)Eulermmiber,0.02to0.3

“Expected”

Miin- Distance ~=
Turbulent heat

wtreem rate transfer
Measured heat &&’e;*to

:Ompartmsnt from leading ~mer krarmfer
veloci~, factor,

edge, x, in.
coefficient

coefficien-t
“expected”

f’ps
@%a

basedon coefficients
run H-20a

lunH-27’s: Main air stream Veloci@, 60to70fps;teqe~atue,87.4°F;press~e~30.3in.W
distribution of air flowing through poroue wall, constantblowing vel.oci@ with V. = 0.12 fpB;

porous-walltemperaturedistribution,constantbloting gas teqeraiure

c 60.7 2.8 ------ 0.53 12.26 U.go 0.97
D 61.o 6.I. 0.017 .62 1;.;; 12.26 .M
E 61.4 10.3 .022 .68 7*85 .94
1? 61.7 15.7 .031 ;$ 6:71 7*54 1.U
G 62.1 22.1 .056 6.50 6.15 .93
H 62.7 .0-57 .82 6.52 6.49 1.00
I 63.0 % .IJ2 .87 5.39 6.27 1.16
J 64.4 ;J.~ .167 .@ 6.62 7.22 1.09
K 65.3 .122 .92 5*O7 3.05 1.00
L 65.9 70:1 .193 .95 4.64 5.ca 1.08
M 67.5 82.9 .319 .96 5.78 8.51 1.47
N 69.4 96.7 .290 .97 5.26 6.91 1.32



ME12 vln. - ~ Ffm.ux ~

3titkm c 2’tdian D station E 8tatim G Ztatkm E titian I 2tdiCln J %ta’dal K 2tatim L Skt.im H station n

Y, ~ T>
2 ~ 2. B in.

Y, Y,, Y, T, r, ~
in. ~ in. ~ in. ~ z @ in. ~ in. ~ in. z o

—

.“.%%

.028
-w
.0-29
J&J

W&

m7J

S?xJ

.IJ.a

.la

.I.3a

.Ma
Z&

.rla

.U38

W&

.Zla

.225

.25$

.Z4a

.262

.2+4

.X@

.3=%

ii!
.W
.-@
.9$’8

●

\

—

—

W E+ m trmsfaq I

-2-I
=-”4

,U322
.@
.031
.&l
.TJL
.261
.ql
.Cal
.02
.Iol
.Ill
.121
.ln
.*1
.~l,
.161
.171
.L&
.l$n
.2QL
.2il
.221
.231
,241
.=1
.261

;2
.301
.Z21
.*1

:%
.*1
.741
,:*

..441

lb

I0:%

h.
m

1.032
.Q8
.&>
.070
.Loo
.130
.165

.W3

.Z?l

.24+8
AT&

.*2

.3’92
AZ5
.%9

:%
.5?5
;g

.6P

.-fro

.*1

E
.632
A9
.0s6
.0s3
.5X
.92b
.953

‘%
:s%3
JxO—

*

- 4.4fpa

.

, in.I
.,l!m

I.W
.’39
da
.G’3
..wl
.tig
.Ii30

:%
.263
.*
.X5
.323
.5-%
.402
JIM
.469
.499
.5W
.636
;7$

.790

.838

.e9L

.913

.*1

g

.s&

..om

J-
..000

b in,
?,eal

).CA1

%J

.Uo

.U5

.m

.223

.266

.XJ3

.536
:fi

.W+

.400

.5*

.*7

.5V

.601

.622

.*

.696

g

.E96

.

-96.0h
~ - Zlo,m
—
I.w
.032
.CJK2
.q2
.062
.032
.loz

—

. .
I
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4 . * .
G
m

—

1
.Sm
..m

mm E&, m transfer; UI -16.2*

c . jtl.hin.X .46. in.
Jt==303,5UI~-3 ,!xm

I I’-’l’.m, , I

J.wl

:3
3
.431
.431
.438
.458
.459
J&2

~

:;%
.*
.5&l
.7@
.593
.@

:?2
.662
.681
:%

.m

:%

:3
.W
.Cw
.9%
.g&l
-390
L.W

-i

E
) in.
3,400

:-%
k-l—
).020
.C$21
.Ce2

:%
.@
.m
.W
.031
.033
.035
,037
.039
SW
.dt3
JM
.035

:%

g

.U.3

.1.33
J@
.R33
A33
.333
.433
.733
.63$
,733
.933
..U3
..333
..>33
L753
L933
2.533

— -J



rmx vnl.- ~moFIulmamHxm- cantimxd

htlonc I BLSLiCUD lStuUmB lStatimO12ktimE lSkUonI

— —

.-2+X2

.&
-XQ
.352
J+&?
.!W

— —

2KI E+; blmiw vith CCaWtmt I. .

= 2L.8h.
x - X,@ I —

—

—

—

i.olo O.ola
.012 ,$4
.(X4 .@
.m .*
.@ S@
.=9 ;g
.02
.039 .C83
:$ :RJ
.m .-
.Oel m
.059J@
;% m-g

;% .246

.nb, :%

.13$ .312

.* .m

.1* .32a
JSJ .m

.3X
.@! ,420
.314
J& :4G

:% :%

:% ;g
.91k
..OI+.892
..ti .954
--- .945
.Jd .983
..glh.9g8
!.2141.ml

I I

0.o11
.0?.3
sill
.023
.@
.033
.@
.*3
.&e

:%
.063
S&

;*

.W3
J@
J-3
J-23
.133
.143
.153
.V3
.X33
J&3
.233
.263
.313

;?&

.S.13
J513
.T-3
-9U
1.IL3
Mu
2.OE
2.515
2.763

1. . .



.

,

●

NACATN3208 89

wl.LBrrm.—7m@ImmmmmJ xmmJPmms -~

—

—

— —

—.

— —

—

— — — —

—

—

—

—

— —

— —

— —

.

.



lvmx vln.- TFaPmmm PRwnEmwFmmrE - C?mtimd

—

—

— — — — —

—

. .

K=&Ll in.
k = Eo3sm

—

I

,



-.
} .

. .

—

.

—

—

.

V. - M

—

, ,

* - l.f!; n: ,3.5 +; — M&im
~ — .

—

—

— — — — — — —



).lgj
.M1.
.90
.23?

:=
.*7
.m
me
.33
.361.
.X6
.414
.Wa
.$57
.&
.503
.5s
.W
-5%
.615

:%
.P

;g

:Z
.&%
.W
;%

:3

:%
.991

:~
Lcm
Lm

—

FonlE-u mum titb @nmtmrt

— I

—

—

—

—

. -1.21“1 - k.s fp
-
- M.1 h.
, - U2,EM

—

—

—

-63.2in.
= - U5,m

‘.OC%
.O1o
.0!2
.Ln5
.Ola
.Uz?JI
.@
.033
.Om
S&a
IQ

;?

J@
LIE

:s
.1*

$J

:5
.31a
.3X

:%
.m

.518

:$

..W3
“ma
.4ti
.m
.&a
!,lna
!.&
—

I

I ,



,

K - 6.1in.
$x= *,&m

):%5 0.401
.433

:3 $;
.O@ .55
.O1o .*7
.O11..~
.012 &J
.013
.Olh .61a
.o16
.03B :%
.023
A& :g

IO& :~

.030 .&g

.032.S&

.03$

.036 g

.C40

.CM .gti

:% :$

;g ;g

.U4 :9%

.3.441.OLXI

.@ 1.CW

.* Lam

6-m E-E, Mlc’tlonWithWn8tallt~ - -1.2;U1 - W.8 fr+l

Low

35
.W
.O1o
.011
.012
.OI-3
.O&
.016
.Oti
.020
.(E2
.*
.C&
.Ca

:%
.054
.0%
.dtl
.CM

:5

.0&3
W&

s%
.I16
.ti
.le6

:%

.P-@

.3%

.5%
JtCA
.423
JIM
.%7

%
.493
.y26
.*9
.568
.*
.608
.6q

%

.1

..J
:P

.*

.7al

.8w

.8+2

:%
.922
.97
.9Ea
.981
.963
.990
.Wo
.Cco

o:Jx& 0.3.82
.2W

:3 :2;
.03 .=!5
.O1o
.O11 :%%
.033Jlfi
.015.*O
.~’1 .m
.Ow .3’3
.022 .421
.W .441

% :$?
.03’7
S& :%

.Ojo :22

.W j$

.260
J%& .’719

.7+7

aJ :Ez
.%2

.W .003

.llq fwl

.WJ .9*
y .939
J @x&

.Im .*

:2? 1:%
.31jl.cxm
.3651.OWJ

I I

I.cq

;Ej

.O11

.m3

.ol~

.Or(

.Olg

.Ca.

.Cd4

.027

.032

.037

.&2
AT

:3

;%

.-

.*7
JJ

.247

.29’7

.3h7

.447

.*7

= 73.4in.
K-TFbm

x - 63.3in.
q - 13m,ooo

.W 0.23=(
,Ci16 .241

:3 :$

:1 ;g

,Olh J&J
.O1$ .303
.Ole .5=
.0= .3%
.Ce? .573
.W .634
.032 .672
.037
.* :%
.C47 .no
.C52 .793
.057
.262 :E

:% :%
.0)2 .m
.lu? .W
.I.32 .932
.W .9$
l.% .95z

:g ;@

.b* .932

.592 .996

.632 l.m

.W l.om

.&&+ l.m

0.CC5

5
.0c9
.O1o
.O11
.OI.2
.O1-3
Jw
.ol~
.Olg
.Oa

:Z
.027
.030
.033
.036
.039
.043
.CJ+8

;%

Zj

.W

.W

.143

.3.93

.@+3

:2;

:2;
.*3



Sta+dm c Skt.im D I Stancra E I Station G

TAB18 vlm.- m?waImm PBmImm4mYmmm -hntimd

-%

c = m.7 in.
h - W,300

Run E-1

Statim E I St.stlm 1 Statim J I Stetim K S’kthm L Staulm M Station H

SnCtlonVlth C0n8tant h --3.53 q - .m.2 *

— —

—

—

—

—
rldatf. T% r9d,hga -- at ●ad pitim d tk prob.

—
-2
x=:
—

.Km

.Cc6

.QT

.C$x

.03

.O1.1

mu

.Olq

.~-l

.CG2

.E1

-w

.037

.*7

.WT

.Cq

.W

.W

.U1

in.
.>m —

— .

—

—

t .



. .
I .

. . * x

:-6.1h.
~ -S9,100

.O1o

l-m
.IJn
.W
.1X
.170

c- 1.a.7121.
~ -m,ow

l.~
.CQ6

:a
.Ou
.016
.Cel
.031
.&l
.qJ1
.0-(1

:%

:x
.291
.*1
.391
.493

RUU517w blcwbg with mnsbmt v

:-3
k.=

—
1 in.
),601

O.*, u, -20.0 *

— —

—

,-65.3h.
k - o13,2m..
— - — —

—



.

.

.

.

FJoZcNT VCm S6



—

.,

— — —

Run H-z

—

.

blm6im TO%tb@OIStSUtPO - 0.12; tl~ = 60.0 fpa

: - 29.4 b..
k “ ‘W,!W — — —

—

—

— —

—

.

K = 63.>in.
z= 2>1141,aJ

— —



. .

%

IAmx Vru.. TBQmmBE PRoFnEmMuwmma - Coutbuea

wat.imc 16ktIon D lStatimE I Statlcm13 I StdlmE lSt.atlmI

- 0.913UI = 39.8@s

z-83.3in.
.- Q,43J3,CIX

Xn46.2in.
x-I,W3,63

:=6.1in.
lx-U9,m

—

—

1
1.QY5
-w
.CM
.O1o
.Ou
.016

.

—

—
z

:%?
.320
.36
.337
.*3
-337
.*3
.365
.383
J@
-733
Jwl
.9+
$31
.&m
.6M
.@l
.737
i-n

:%
.99

:%
,.W6
..&xl
.Ocd

—

—

— —

—

x
.329
.421

—

— —

).tx%

.’W

.03

.03

.Oln
-OL3
.OI.8
.Oa
.Cc?3
.V38
.69

:s
:2
=.3J
.j9J

.Ym

.OaY

.@

.Oyl

.Lm

.’m

.Cfa

.Ma

.Im

.EQ

:%

.!2?0

.qo

.320

.3’-(0

.420

.470

.-

.7P

.6S0

.m

.eGa

.920
LM
L-3f0
L-
?.ua

.CcQ

.Ocu

— — — — —



t .
a * I

—

—

—

—

c- 6.0in.
h - ti,ym

~.m
.Ola
.Col
.013
.Qv
.w
.Qu
.W1
.-
.W
.@
IQ&

.@

.039

.*3

.*7
:%

:%2

:%
.W9

;:

.lrh
J@
.L19
.E9
.V9

:%
J.@
.W

:%

—

—

—

ramE-aj mlntim WI* Ccutd 1

c-21..4 irl.
k “ 55,~

).CV3
.O1o
,Olz
.014
.017
.m
.CKs
.026
.034

;g

.OW
Jn5
.(36Q

%
.OX
J-CO,

:&
.m
.Iko

:%
.17Q
.L%3
.190
.m
.2U2
.Zm
.24a
.@
.SfO
#m

:%
*
.Y33
.fim

—

.Wo

%
.11o

:s
:3
.211
.*
.236
.2+31
.Xtl
.X6
.3yl
.378
.4M5
AM
.*
.W

:%

:afi
.’W
.*

:Z

iiij

.8+7

.m

.*7

.923

.940

.$72

:%J

.ml

—

—

- -0.oq u~ - k.gfF9

r = M.1in.
3X - U,m

I.@
.039
.051
.&a
.U$

%J

.W

:2J

.261

.500
J#+
.39}
:js$

.U1
A*

:%

g

.6u.

.633

..s33

.7r?

.732

g

:%

~~

g

.:%?
,.OW

—

—

—

— —



.

—

—

—

c=6.,
~=1

).OID
.CLL1
.m2
.O111
.oti
.Ola
.ceo
.Ccz
.W
.028,
.030
.032
.03>
.03a
;@&

.&7
~~

..0%4

.W 4

.C62

.066

:%
;UF&

.W

.Q32

.C97

.In21

.IJ2.

:Z
J.%
.172
.P12

:% i
.4X?

—

.

—

—

—
t-z
1=-:
—

~.w
..oul
.O11
.012
.Olb
.01.6
.Ola

Run E-

.Z22

.27’2

.322
A22

—

—

—

—

,-O.*;u,-4.8l-pa

—

1 ,

—

—

—

—

—

—

in.
,900

,.IM

:2
.m

%?
.282
.319
.3s
.352
.*
AZ(
Am
.5(XJ
.*2

:%
.62+

:%
.-731
.D1
.M
.@l
.794
.*

:%

%J

.CQo

—

#



.
.

,*

— . — — — — . —

,-9.I.21U, - u.6 ~

I.Qa

.0%

.W

,.ma

.’X9

.013

mu

.Ols

.G5

,



.

-x

—

—

——

—
—

—

—

—

—
—

—

—
—

—

=—

—

—

—

—

—

—

—

—

—

I—

—

.

—

—

—

——

1, I.
,,



.-
, .

s .

mu IK.- Vmmcw Pmlm9 cMcoImmJFal~iwmlmTmPmAmm molmx.9

! , K
E

— — —

[ - S?L8in.
~ -48,930

l&..=3t&i&.

O.w o.@3

:% :3
.W .?@
.* .4$9
.l&l.5CQ
JEq ,565
ah .618

A&a
:% .~u
.234.3
.3M .
.%7 2
J* &
Ml .m
.W .m

;$ :%

.y~ :%

.M .9P

% :Z
.&l .$W
.&a .991
.* .s9$
.W .593
.148.?36

:$1 :3
.&a .998
.- .%9
.&93..93!3
.939.599

g ;g

Lou 1.OM
l.ti 1,000
lda l.cm

-46.!ih
x -Ic4,1m 1 x - 70.4 in.

& - l*,&o

0.0%
.0?’2

%’
.U31
.~?
.s3
.*
.325
.561
.397
.433
Ap
.*
.*E
:%

:%

%

;g

.$03

.959

.977
1o11

W
1.320
1J36
1.192
I.@
1.281
1.303
1.336
1.7P
1.W



.-

TEm Lx.- QmmmY F%lFlxscNmMlxDmns Mwswsm IAmsm ~~-cc.ntimd

1?x-6. in.
% - ,7s0

— — — —

—

— — —

—

—

—

—

— — — — —

1. I



,. ,

P
G



—

,-6.0 iu. ,=~
~=
—
D.olo
.Oal
.WJ
.d!-o
.031

:5
.W
.m
.ml
.laa
.130
.IJul
.W

;3
-w
.203
.2M

:%
.&
-m
.&
.m
Ah)
.290
.W3
.X0
.=
.330
.%0
.350

:5

;g

:E
.hm
.W1

d%.
La
.@
a?
.3.U
.583
.447

:%

.650

.@

:%

%?J
.@
f7J

.93

.9B

:%
.*

:3
.9P
.975
.980
.@+
.*
.59
.593
.%5
.S#
.59
.9
S9

:E
.Cm
.Cm
.Oal
-m
.Cm
.m

-4
*“—
l.cm
.*

:Z
.I.m
.lm
.Ibo
.L53
.I.BJ
.ZW1

:E

:%$

:E
.X0
.m
.*
.403
Am
MO

J&
.W

:%
.560
;g

.&m

.M

.660

.680

.W

:%

:&

:E
.m
.m
.Sm

—

—

-
O.c&

.u9

.2-70

.s1
A51
.536
:%

%
.nl
.@
.631
-m
.’%4
.917
.s53
.s$7

:%

:Z
.9%
.903
.3gE!
.*

;%j

:%
1.WI
I..cm
l.m
1.CUI
l.rm
l.m
l,lml
1.OXJ
l.m

— — —

—

— — —

—

— — — — —
1.a6
.019
.018
.*
am
.05
SW
da
.*
.Clm
S&
.W

:%?

%J
.Im
.Ilh
.lm
.Ia6
.m
.13B

:%3
:g

J&9

#

.x%?

.@

.*

.ao

.216

.a

.2X

:%
-M

.

,.

—— — — — — — —

I “r .
1



,.

—

—

—

I-L

— — —

BinE-a, —v-im — % - aa% UI - $,8

— — —

—

-

—

—

—

—

— — —

ntauonn Istdmlu

u
— —

.



108

8

‘$

Figure1.-l%eoreticalpredictionsoftheeffectofmasstransferonthe
transfercoefficientsplottedas Elversus@.
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Fimre 2.-Theoreticalpredictionsoftheeffectofmasstransferonthe
transfercoefficientsplottedas @ versusR.

Process

I@mentum
transfer

Heattransfer

DiffusionOf
speciesi

z Ratefactor,@. .
I (a)

2+NjMj
1

I Ul%cf*

Resistancefactor,R

2~N~Mj

Ulplc-f

~N3M3cPj To - T1
h ‘Ts -To

.

‘Asteriskindicatesvaluein absenceofmasstransfer(R= @ =0).
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Figure5.-Velocitymeasuringprobes.
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outside-diameterboundary-~erimpacttube,andO.010-inchoutside-dismeter
boundary-layerimpactttie.
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Figure7.-

m 3208

L-83669
Temperaturemeasuringprobes.Fromlefttoright,low-velocity

probeandhigh-velocityprobe.
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Figure8.- Continued.
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